‘Sion 


RICAN 


reader with the greatest possible speed. To this end the materia 


of the usual editing required in more formal blications. 


Original papers : and discu ‘al of current papers sh« ahd be submitted to the 

f echnical Publications, ASCE. Authors should indicate the | technical 

ae division to which the paper should be referred. The final date on which a dis: 
cussion should reach the Society is given as a footnote with each | paper. Those 
who are planning to submit material will expedite the review and publication: 


‘The manuscript (a ribbon n copy ind two sil 


on one side of ‘8 by 114 in. paper. Papers that were originally prepared f for 


v0 the third person before being submitted 
; ae The author's full name, Society membership grade, and footnote re ference 
stat t lo t should a th first a f th 
ecause of this, it is necessary that capital letters be drawn, in black ink, er in. 
high (with all other | symbols | and characters in the proportions dictated by — 
standard drafting practice) and that no line of mathematics be longer than 6Y%4-in. 
Ribbon copies of typed equations may be wand b 


maller on the gy version. 


Ilustrat should be det 


should also be iechaded within the frame. Because illustrations will be reduced 


o 69% of the original size, the capital letters should be %-in. high. Photographs i 


hould be submitted as glossy prints in a size that is less than 6'%-in. by 101%4-in 
lanations and be made within. the text for 


Papers s ould average about 1 2,000 words in length and sh 10 
than 18,000 words. _As an full pag of typed ext, 
Further information concerning the preparation papers is 
tained in the “Technical Publications | ‘which can be obtained 


Engineer and are at 33 West. 39 New York 18, New 
_ $4.00 of a member's dues are applied as a subse iption to this Jour al. Second 
class | postage paid at Michigan. 


cts, are pu I 
or the ens of ASCE . The index for 1958 was published as Proc 
aper 1891; indexes for previous years are also available. Fae Eade . 


= 
typed (ribbon cop . Small tables sh in the text 
aDies shou OY in invisible frame hould be made in fa 7 
paper is frame. Specific 
| 
— 
this Journa we reference (or pape ble for any 


SOIL MECHANICS AND FOUNDA’ MONS DIV ISION 


——, of the American Society of Civil Engineers 
“SOIL ‘MECHANICS AND FOUNDATIONS DIVISION 
Stanley J. ‘Johnson, Chairman; Jorj O. Osterberg, Vice- -Chairman; 
Thomas M. ‘Leps; Gerald A. A. Leonards, Secretary, 


‘Bolton Seed, Chairman, ; John A. Focht, Jr.; Harold Gibbs; 


"James Gould; T. William Lambe; Ralph Peck: Frank E. Jr; 
Woodland G. Shockley; Thomas H. Thornburn 


ey October, 1959 


A Statistical Study of Soil | 


of Constructing Embankments on Soft Foundation Soils 


Major Power Station Foundation in Broken 


opyright 1959 by the Engineers. 


q 
tte — 
4 
‘Subsurface Explorations in Permafrost Areas 
— 
4 
60 


BEBE 


op 


Design of Underseepage L Mansur........ 161 aa = 
Al 


7 = 


~ 


1ECI FOUND TIONS DIV ISION 


Thomas baal Thornburn, ASCE E and Wesley R. 


"SYNOPSIS" 


ae 


‘aie reasonable correlations between pedologic soil types and their engi- 
* a neering properties. Data from four DeWitt County soils give a quantitative 
indication of the value of pedologic 
— highways and airports in Illinois. — 


4 


The an adequate yet economical program of soil 

ration is one of great importance in the field of soil engineering. Many engi- 

neers are constantly striving to improve their —, on the problem by utiliz-— 

ing available knowledge | of the local sc soil situation. - Such h knowledge n may be 


2 gained from geologic reports, pedologic reports or construction experience. 
The construction area covered by most highway and airport projects involves 


the soils engineer to follow a as s detailed : a program of soil exploration as all 
normally conducted for structures covering a more limited area. = Bre 
- In n order to increase the effectiveness of areal soil surveys many engineers 
rely on pedologic (sometimes called soil maps and reports as a 
aid in planning the field program.(1,2,3) Since 1952 an investigation of the ee bj 
_ engineering uses of these maps has been conducted as project: “Soil Explo-— 
a ration and Mapping” of the Illinois Cooperative Highway Research Program. eo i 
A principal obj ective of this project is the determination of the physical - 


“g 
of the various pedologic soil types mapped in Illinois. ‘The 
Notes - Discussion open until March 1, 1960. To extend | the closing date one month, a 4 


written request must be filed with the Executive Secretary, ASCE. Paper 2210 is 


part of the Seliger Journal of the Soil Mechanics Division, Proceedings of the ot 


Prof. of Civ. Eng., ‘Univ. of Illinois, Urbana, 
Engr., Federal Electric Corp., an IT and ‘Associate, 
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cover 40 to 60 in. thick overlying early Wisconsin (Tazewell) glacial till 


y local wash in the same area. (6) Flanagan silt loam could be considered as the 
typical soil of the area. It has been developed under prairie grass vegetation - 


3 a Drummer silty clay loam, is developed on slopes of 0 to 0.5% under | 


attainment of this objective the of samples from major ajor 
horizon of every important soil type. In the summer of 1952 a comprehensive: 
program of soil profile sampling was begun in DeWitt County in east —. 
' Illinois. It was hoped that the results of this program would reveal the aver- ab: 
age physical properties of each pedologic map unit as well as the normal devi- 
F ations from the average. In initiating the sampling program it was necessary — 
to specify the number of profiles of each type which should be examined in | 
“order to establish the values of these properties. For reasons of expediency _ i 
it was arbitrarily decided to sample 3 profiles of each soil type mapped in the 


county. In the case of the four most extensive soil types, 4 profiles were a - 


lr It was recognized that there v was no sound basis for choosing these particu- 
lar numbers of profiles for sampling; this fact led to the consideration of a 
- statistical methods of control. If it were not for variation between profiles of 

a given soil type, then samples from a single profile of each type would be il 

- ficient. _ The problem of selecting the necessary number of samples is compli- 
cated by the fact that all physical attributes of the soil profile do not vary to aaa 

: _ the same degree. For example, there may be considerably more variation = : 

Peg from te the liquid limit values t than between the silt contents of samples taken 
- from the same profiles. Thus, the problem can be solved only ; in n respect to 4 
_ the number of profiles required to determine the average liquid limit (or — 


specific property) of the A horizon (or B horizon, etc. a Even this ‘solution can 


desired. This decision involves a statement the odds that the mean 
Tae foregoing discussion indicates that there can be no definite solution to’ 
the sampling problem unless certain limitations are accepted. Some of iene 
limitations are imposed by the nature of the data, others by the investigator a 
_ the basis of his judgment. ~The initial DeWitt County sampling p program | es 


5 -— Inteated that with regard to certain index properties some soil types were 


quite variable wh whereas others were relatively uniform. It was felt, however, a 
that 3 or 4 soil profiles: did not provide sufficient data for a satisfactory sta- aa 
“tistical analysis. For this reason a supplementary study of the four major 


the A and B horizons of ten additional profiles c of these soil types. Routine — 
- classification tests were performed on these samples and the d data obtained wits 


from the ten profiles was subjected to statistical analysis. beat 
‘a Three of the soil types included in this study were developed from a loess 


| i soil types in the county was u undertaken in 1954. Samples were collected from < 


loam to silt loam texture. The fourth is a depressional soil derived from the 


ne on slopes varying from 1 to 4%. The total thickness of the solum seldom ex- = 
4 ceeds 40 in. Catlin silt loam is formed on the rolling portions of the till plain e 
and moraines where the slopes vary from 3 to 7%. The solum is entirely de- a 
si - welapes from the loess cover under prairie vegetation. Birkbeck silt loam is ra 
a a correlative of the Flanagan and Catlin developed under deciduous hardwood 
. forest vegetation on slopes varying from 2 to 8%. The solum may vary up to : 
- 40 in. thick and is nearly always derived from the loess; however, calcareous 4 
ie till is likely to be found a few inches below the B horizon. The Cartesian ae 
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horizon is often The s developed from moder- 
_ ately heavy-textured water-deposited sediments and is underlain by sediments 7 
varying from sandy loam and loam to silt loam and occasionally silty clay 


loam. Either sandy outwash ¢ or loam till may be encountered at depths below 


In both the witahias and ee ae studies the sites for sampling were 
- first located on the pedologic soil map.(4) © The sites were selected at random — 
although some control was exercised in order to prevent concentrated _— 
ina limited area. ‘The average length of DeWitt County i in an east- west di di- “? 
- rection is about 25 miles. A major portion of the western half of the praia 
is occupied by the Shelbyville moraine. _ Five profiles of each type were 
~ sampled in the morainic a area. ~The other five were | obtained d in th the ) Shelbyville a 
till plain area which occupies ‘most of the eastern half of the county. Within 
_ each of these two areas a center of sampling was located by chance and . 
a ever possible one profile of each of the four soil types was picked within a 
¢ radius of about 2 miles from the center. If it was not possible to locate : a = 
: sampling site for a given type within this radium then a new center was chosen. 
_ by chance for sampling this type. . This process of selection was conducted in 


the office so that field conditions had no influence on the choice of sites. . In a 3 


“conditions. view of the sampling method which was followed, it was felt 
5 felt 

the data were suitable f for Statistical analysis. (5 

_ The values ¢ of three index properties were chosen ae statistical study. east 


These were the liquid limit, the plasticity index, and the minus 0.002 mm a - 


_ content. _ Table 1 givesa summary ¢ of the basic test data and the statistical A 
5 data obtained. The first three columns identify the index property, », soil type = 
and horizon. Columns 4, 5, and 6 give the minimum, the maximum and the fy 
_ ‘mean values obtained from the tests on the ten samples from each horizon. — 
=a A commonly accepted measure of the dispersion of data about the mean i Lis 
. the standard deviation given in Col. 7. In a normally-distributed population + 
Eo approximately 68% of the individual values will fall within t 1 standard ar 
ie = of the mean, and 95% within + 2 standard deviations of the mean. If al 4 
~ adequate number of random samples are taken from a population having en, 
-normal-type distribution, the standard deviation of the ‘samples may be zused 
as an indicator of the range of values that exists in the population. For ex i be 
ample, it may be estimated that the liquid limits of 95% of all samples taken 
“a from the A horizon. of Birkbeck silt loam in DeWitt County will fall within the = y 
a range 37.4 t 2.26 x 5.2%, or from 25.7 to 49.1%. For « comparison, the liquid — 
a — limits of 95% of all samples taken from the A horizon of Drummer silty clay 
loam should fall within the range 54.6 t 2. .26 x 3. 8% or from 46.0 to 63. 2% ry 
‘The multiplier 2.26 ‘must be used instead of 2.0 since e the reliability o of the & 
4 standard deviation of the samples as an indicator varies with the number of __ 
samples analysed. The fact that there is very little overlapping c of | the conges 
of liquid limit values for these two horizons seems to indicate that tl the 
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an 
shows that the values of the standard deviation for all three a 
pve are of the same order of magnitude. | However, the liquid limits a 
_ ‘Show slightly larger deviations than the plasticity indexes » while the deviations | ~ 
of the clay content are generally the smallest. The range in variation of the — 
“ properties of each horizon is shown more Clearly in Table 2, where the i 
in Cols. 3 through 8 represent the mean values of the index property minus or 
plus 2.26 standard deviations. These values provide the | best available esti- 


_ mate of the range within which 95% of all ae values « obtained from ene a 


given in 8 of Table 1. Obviously, these values are not all of the same 

order of magnitude. — For any given horizon, the values for the plasticity index 

are considerably greater than those for either the liquid limit or clay content. a 


= 


‘The coefficient of variation not only indicates the variability of different soil 
* a properties but is also useful in comparing the amounts of variation to be ex- 
pected in different soil horizons. Columns 9, 10, and 11 of Table 2 compare 
: ae the variability of each soil horizon on the basis of the relative magnitudes of 
the coefficients of variation for the three properties. These rankings indicate 
a %, that Birkbeck silt loam is the most variable type, Catlin silt loam the next . 
and Flanagan silt loam and Drummer silty clay loam the least. 
_ The standard deviation and the coefficient of variation provide estimates of = 
“the variations to be expected in. determining a given index property ofa soil 


_ horizon. suowet do not of themselves solve the problem of selecting the number 
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deal of overlapping of the ranges for the different horizons there are also 
a a Sometimes for the purpose of comparing the degree of variation within _ a 
“7 j+j|§ sampling groups with respect to different properties it is more convenient to  —_— 4 
me express the range indicated by the standard deviation as a percentage ofthe ~~ 
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by coefficient of variation, No. 1 most 8 least variable patio: 


the population with a given degree of precision. This problem can best be adr : 
solved by the use of two other statistical parameters, the standarderrorof 
_ the mean and the limit of accuracy. _ The mean of the samples plus or minus 
the standard error based on the ‘population defines a range within which the — 

_ Population mean of the property will be found 68% of the time. The standard [ 

4 error of the mean based on 10 samples is the best available estimate of the _ sl 
standard error based on the population. et Thus, Cols. 6 and 11, Table 1 indicate 
that the population mean liquid limit of the A-horizons in the Birkbeck silt | 

_ loam in DeWitt County will fall 68% of the time in the range 37.4+1.7% or | 

35.7 to 39.1%. Since this statement is based on the standard error of 10 
items, the range will actually be exceeded somewhat more than 68% ofthe 

g The value of the standard error varies inversely with the square rootof 
the number of samples tested if the standard deviation is considered constant. 
_ Thus, it may be used to estimate the range within which the population mean a ; 
would be found for any given number of samples. For example, if the mean 
a value of liquid limit had been obtained from tests on 3 samples instead of ten, a 
“a it could be stated that the chances are about 65 out of 100 that the population ‘a < 
—_ mean liquid limit for the Birkbeck A horizon falls within the range 34.4 to ’ to. 
-4% (Col. 9, Table 1). A comparison on of the values given in Cols. 9, 10, ae 
; 7 11 indicates that they are approximately of the same order of magnitude but | 
that there is an important increase in precision obtained by png ti ao ee 
number of samples from 3to5to10. 

x It is often desirable to establish the mean of the pagelation with a degree ” 
of precision greater than 68% & By using the standard error and values taken» 

; from the ~~ distribution it is possible to determine with a any desired degree _ 

_ of precision the range within which the population mean should fall. The ar i 


distribution is similar to a a normal and it closely if it 
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_ any given per cent the 

- than that obtained para a normal curve. 
prepared statistical tables on the basis of the number of samples and the de- 

_ sired degree of precision. If the value of “t” at the 95% point is multiplied by 
the standard error of the mean the product is the limit of accuracy, 95%. The 


sample mean plus or minus the limit of accuracy, 95% provides a range known — 
the 95% confidence limits. value for 10 samples is 2.26, 


The variation of the limit of accuracy with the n number of samples is shown i 


a: 1%. ‘Thus, the limit of accuracy, 95% is 7 x 2. 26 = 8% and the 95% 


= in Figs. 1, 2, and 3. By the use of these curves it is possible to & q 


obtain a solution to the sampling problem. For example, it may be oe 
_ to determine the number of samples of each of the soil horizons required to 

establish with 95% confidence the population r mean liquid limit value plus oo 

- minus 5%. _ Fig. 1A indicates the need for 3 samples of Drummer, 4 samples 


‘the c criteria A horizon. Similar data may be obtained from ‘Fig. 1B. 


_ curves in Figs. 2 and 3. These values are summarized in Table 3 for the 


= selected range of plus or r minus 5%. ‘This table » shows that tere 


is a considerable variation in the number of somata required to establish — 
the various means with the same degree of precision and confidence. Com- 
parison of these data with those in Cols. 9-11, Table 2 indicates the influence 
e of variability in the basic data upon the number of samples required to -— 
tablish the means of the population within the specified limits of accuracy. — ¥ 
_ Nearly twice as many samples are required to establish the mean index a 
properties of a variable soil type such as Birkbeck silt loam with the same _ 


_ degree of precision as are required to characterize a relatively uniform type . ; 


& 
such as Flanagan silt loam. — Figs. 1, 2, and 3° may also be used to determine — _ 


for any specified number of samples from 1 to 20, the 95% confidence limits — 


the population means of each of the three properties. = = 


From the strict statistical viewpoint it is not possible to apply the results : 


ce of the investigations of one soil type in one county to other soil types inthe _ 


or other counties. Nevertheless, the information contained in Figs. 
to 3 can be used asa general guide in planning sampling operations, especially - 
for loess-derived soils such as the ones included in this study in DeWitt — 
_ County. When a similar study was begun to classify the pedologic soil — 
in] Livingston County, Illinois, these data formed the basis for selecting 5 


Profiles of each soil type for sampling and testing. (7) In taking this number — 7 a 


s samples it may be anticipated that the population mean index values of vari 
_ able ‘soil types such as Birkbeck silt loam will be established (at a limit of fh 
"accuracy, 95%) about inthe following ranges: 
Sample mean clay content = +5.0%. 
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Although the of validity of in a new sampling area ca 
Rot be stated, they provide a guide for determining the relative 
- ‘The statistical information obtained from this analysis has other uses. One : 
et of the aims of the cooperative investigation, Soil Exploration and Mapping, so 
to determine what differences may exist between the physical properties of . 
the v: various pedologic soil types. . If the properties of either or both of two 7 
oe si types are quite variable it is often very difficult to determine whether signifi- 
cant d differences exist. _ The differences between the means can be tested by © 


determining the significance value and comparing it with the value of at 


the 95% point. The criterion expressed in the following relationship is used — 
to test whether a significant difference exists when the number of samples 
re from both populations are equal. 4 If the . significance value equals or exceeds . 
oe am _“t” the odds are 19 to 1 that the two means, My and Mg, are significantly uf es 
different. and are the values of si standard e error rror of tl the he respective 


vaLuE = 


The makes of ew error and “t become » smaller a1 as the number of 
samples is increased within a reasonable r range. . Thus, by increasing the | = 
number of samples, it is often possible to show that smaller differences be- 


7 tween | the means My and M2 2a are re significant. This is well illustrated in Fig. 4 


a Flanagan silt loam. It can be seen that 3 samples of each type would not sire oy 
A) 2 been sufficient to indicate any significant differences whereas 5 samples di did Pid 
em It was partly on the basis of data such as that shown in Fig. 4 that it a 
judged necessary to sample at least 5 profiles of each soiltype inthe -_ 
a. County survey. While | it is not possible to be certain that all sta- 
aa tistically significant differences in the index properties of various types will - 
_ be evident on the basis of the analysis of data taken from 5 samples of each 
horizon, there is good reason to believe that data from 3 or 4 samples will 
‘reveal few, if any, significant differences. It would be desirable from the sta- 
= tistical standpoint to have data on 8 to 10 samples of each horizon in order to x 
A ae more definitely the ‘differences which may exist. - Although this added 4 
a _ Sampling might be worthwhile for limited surveys, in most cases consider- 
ations of economy will dictate the testing of the minimum number of samples 7 
_ which seem to characterize each soil profile adequately. In Liv ingston County, 
te _ where about 40 different soil types are mapped, an increase in the number of 
dia ame from 5 to 8 in each horizon would increase the total number of __ 
samples from about 600 to 960. . In making the final decision regarding the 
number of profiles to be sampled, the desire to know the physical character- 
of each somewhat more precisely must be weighed the de a 
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FIG.4- STATISTICAL COMPARISON 


BIRKBECK & FLANAGAN SILT LOAMS 

ae obtained on samples of the A and B horizons of four pedologic s soil types e 
mapped i in DeWitt County, linois. It is considered that the ten samples of pov. ‘e 


of each type as it occurs in the county. 4st ree worth 
oi aM A principal objective of this investigation was to determine the number of — Er 
profiles which must be sampled in order to characterize three properties of ja a 
each soil specified limit of accuracy. — the 
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October, 1959 
samples required will upon the variability of ‘horizon with re 
“a When values of | an index property are available for several samples of the 
soil horizon, the variability of the data may be ‘measured by the standard 
deviation or by the coefficient of variation. The latter value may be used more a 
conveniently in comparing th the degree of variation soil horizons 
_ The reliability of the mean index value of the e sample as < an estimate wf Balas 
: oh mean index value of the population can be expressed by the standard error - 
by the limit of accuracy, p% (p% confidence limits). The standard error de- 
fines limits on the estimate of the population mean with the odds 68 in 100 that 
the true population | mean lies within these limits. - T he limit of accuracy may 
a ; be computed at any desired level. In this study the 95% level was used. 
ad applying these limits to the sample means an estimate of the population means — 
may be made v with the odds 95 in 100 that the estimates are accurate. i. 
_ The relationships between the limit of a accuracy and the number of samples 
tested from each soil horizon are summarized in figures. These figures may 
a be used to establish the number of samples which must be tested | in order to 
estimate the > population n mean index property with the desired degree of 
cision. ‘Statistically, these > relationships are applicable only to the particular — 
soil types tested; however, , they can be used as a general guide ort future o | 
a is felt that the results of this investigation justify the decision to obtain — 
samples from five profiles of each pedologic soil type in order to charac- 
~ terize each type with a fair degree of precision. It is indicated that five a 
_ samples will provide estimates of the population mean index properties which re 
will L be ‘within the the following lin limits ts 95% of the time: ayia tg 


Sample 1 mean liquid limit 4, 0 6. 5%, 


re 
mean plasticity index 4.0 to 5. 5%. 


‘whereas thos soil should be closer to the higher 

il 

~The statistical may be used to test for significant differences 
between the properties of two pedologic types. A graph is presented to show 7 

the relationship between the e significance values and the number of samples — 

_ used. It appears that data on five samples of each horizon are sufficient to 

reveal some significant differences in index properties even bet between peltiogic q 


soil types derived from identical parent materials. an q 


~ Engineering Experiment Station, University of Illinois, awe the joint isis 
- speneorahip of the Illinois Division of Highways and the U. S. Department of e ; 
‘’ Commerce, Bureau of Public Roads. The authors are indebted to the members — 


the advisory committee for the form of this 
lice does.” 
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Use of Agricultural Soil Maps”, ‘Bul. 22, Highway 


a Michigan State Department, “Field Manual of Soil 
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CONSTRUCTION | MATERIALS CONTROL FOR THE AASHO ROAD 1 TEST 
1 
James F. Shook,! M. ASCE 


‘trol procedures used during construction of th the AASHO Test Road is given. ia 
_ Emphasis has been placed on control of compaction . of the earth embankment ee 
and the subbase and base courses. 
_ The AASHO Road Test ae a 22 million dollar highway re research project : 
_ sponsored by the American Association of State Highway Officials. (1) It is. 
administered and directed by the Highway Research Board of the National — : 
_ Academy of Sciences - National Research Council. The cost is spread between e 
¥ the State and Territorial Highway Departments, the Bureau of Public Roads, a 
" the Automobile Manufacturers Association and the American Petroleum Insti- _ 


a tute. Support in the form of personnel to drive the test vehicles is supplied 

. The project is located near Ottawa, | Minois, about 80 miles southwest 7 

~The in an area with climate and soils typical of wide areas of the country. 

The Illinois Division of Highways constructed the test pavements through omg 

_ normal paving contract procedures. The eight- -mile length of test pavements = = 
will become part of the federal interstate higheny system upon completion of 

The Highway Research Board was asked to undertake the project in 1955; 

} construction got underway in 1956 and was completed late in the summer of | 2. 

ge 1958. Test traffic was started soon thereafter and will operate for two years, p? 


ie which some special studies involving heavy military vehicles will id. e | 


made. Final reports should be in print in 1961, but preliminary results useful 
to the various highway departments should be available earlier. lier, _- 
Note: Discussion open until March 1, 1960. To extend the closing date one month, a ag 
written request must be filed with the Executive Secretary, ASCE. Paper 2211 is 
part of the copyrighted Journal of the Soil Mechanics Division, Proceedings of the | a 
Solety of Civil Engineers, Vol. 85, No. SM 5, October, 1959. 
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‘The obj ective of the Road Test is to find significant relationships 
= pavement performance and traffic for pavements of certain designs __ 
under controlled truck traffic of certain loadings. 
‘In the main experiment there are eight independent variables. ‘These are 
load, , axle spacing, ‘number of load applications, surfacing type (portland 
cement or asphaltic concrete), concrete reinforcement, surfacing thickness, | a 
er thickness and base thickness. Side experiments include consideration 


base type and : shoulder There is also included an independent, 


conresta under traffic are being conducted in five test loops of which four tes r 
“two tangents 6800 feet long and one has two 4400-foot tangents. A sixth = 
a been constructed to permit auxiliary studies on pavements not subjected 
oe Test loads range from 2000-lb. and 6000-lb. single axle loads on the light-— 
a est pavements to 30, ,000- a eeepe and 48 ,000-1 -lb. tandem axle loads on th the x 
A ite The test layout consists structurally of 836 experimental units, or test - 
p: 4 sections, one lane in width and of varying lengths (100, 120, 160 and 240 ~~ 
which have one ‘Subbase, base, and pavement thickness combination. There is 
a uniform 36- -inch embankment of selected soil fill under all test sections. tk 
1 g For construction purposes, these test sections were grouped into “blocks sped 
to 800 feet in length. A typical test section layout is shown in Fig. 1. a 
With few exceptions, types of materials and construction procedures 
‘i poe standard highway practice. There was neither money nor space a 
include untried materials or construction techniques, and the variables inc: lud- 
ed in the | experiment were those considered most important by a ‘majority of - 
sponsors of and advisors tothe project. hp 
BL “Profile of Test Block 8, Loop | 
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aa type uniformity of all materials over the entire project was essential. 
To insure this uniformity it was necessary to plan and carry out an extensive _ 

program for materials and construction control. a 

_ Throughout the planning and execution of the program for materials control 

- modern experiment design principles were followed and statistical quality = 
control were utilized wherever possible. ‘This program required 


Division Highways. -site testing was largely the responsibility of the 


- ‘This paper is concerned primarily with the work of the Roa d Te 


on laboratory, the procedures used in controlling construction of the earth " 

_ embankment, granular subbase and. base components of the roadway. 

Y eae The entire test road was constructed on a 3-ft. embankment of ere: a 

soil. | This material was obtained on the job site from three borrow pitsof _ 

uniform quality, representing typical low b ane soils available in n many areas 


index between 9 and 13. Characteristics included, ‘trom typical test data, a 
liquid limit of 30, a plasticity index of 14, 80 per cent passing the No. 200 
sieve, and 40 per cent finer than 0.005 mm. 
om ‘Specifications were set up requiring compaction to between 95. and 100 | per =) 
cent of standard ae density at optimum moisture content plus or minus sie | a 
2 percentage points. _ However, to assist in | | securing uniformity | of compaction, 
an attempt was made to keep the moisture content near the high side of the eo , 
limits, slightly above optimum moisture content. 
_ Altogether, over 7500 field density tests and 4000 ‘maximum density tests 
were made « during the construction. ‘The job average per ‘cent compaction w: mee 
_ Very close to 97.5 at approximately 1 l per cent above optimum n moisture, and 
The earth embankment was constructed in 4-inch compacted layers one 4 


“tt construction block in length. Water was added and the soil pulverized by m4 
teams of three to five ‘rotary ‘speed mixers. Compaction was accomplished 


with pneumatic - tired super- compactors having a 15-ton total weight, operating 

- Tight control of v of water was obtained by having trained technicians follow . a 
each team of rotary speed mixers to set, by “feel”, the rate at which a 


; was applied to the soil. All water was added through spray bars ‘Spraying di- 


ips 
ad 
— 
. _ tive that the contractor be allowed to proceed with his work as rapidlyas | fave 
yp ae _ possible. As a result several special testing methods were developed and — Bt 
= assembly line techniques were adopted and communication was speeded 
oe) by the use of mobile radio units in all field vehicles assigned to testing crews. = 
»t- materials control was the joint responsibility of the Illinois 
Division of Highways and the Highway Research Board laboratory onthe 
et) 
| 
of 
_ 
| 
Sci of 
— 
attached to the mixers. Moisture content was not further checked until density 


‘For testing purposes, 500 to 800-foot was divided 
q ‘ into sections corresponding in length to the 100, 120, 160 or one-half of the | 
_-- 240-foot test sections (Fig. 1). Two field density tests and one maximum 
fae _ density test were made in each section, making a total of four to twelve density 


tests in each block. To obtain per cent compaction, the individual field casi- ; 


‘The decision to or reject a block-lift was ona statistical 

7 analysis of the compaction data obtained for that lift. In order for. any statisti- 
cal analysis of the compaction data to be valid, it was first necessary for the 
= data to have been obtained from samples which were without bias; hence the 


_ locations for all tests within each section were selected from a table of Bees 
. random numbers. It was not left up to the inspector to select “average” or 


“good” or “bad” spots for histests. 
‘The details of the analysis procedure are too involved for discussion in _ hil 
this paper; however, a brief description will be given. Fig. 2 shows a aneyle . 
computation sheet and Appendix A gives some explanation of the terms used. 
‘The per cents compaction obtained from one block lift were recorded and the | 
mean and standard deviation computed. From these computations the —_ 
cent of tests which would have been out of the specified limits (95, to 100 per — 
cent compaction) had a very large number of tests been made was estimated 
(Py + Py in Fig. 2) and used for accepting or rejecting the work. An accepta- 
ble percentage out was selected after the job had been running for a short 
while. . If the estimated percentage out of specifications was greater than this” 
- value the particular block-lift involved was reworked as necessary or 
‘This objective ‘system | for acceptance or rejection on the basis of statisti - 
. cal analysis was considered highly effective in that through unbiased decisions 
at helped to insure uniformity of construction and at the same time recognized 
the variability inherent in construction and testing techniques. There were 
as many as four resident engineers in charge of construction at one time. To 
Pcie allow each to make his own independent decision would have left much to be | 
desired from the standpoint of overall job uniformity. To require that all pie 
tests fall within the specified range in per cent compaction was considered _ my 
i - too restrictive; and to require only the average to be within the band a 


have been unnecessarily | lenient. _ The procedure ‘mentioned here, in effect, 


out of the specifications i + Py), gave consideration to normal construction ‘ 

‘aa _ Acceptance in most cases was based on an allowable 45 percentage out for — 
"individual block- ~lifts—top | lifts were held to 40 per cent. t. However, : for the 

job as a whole the average block-lift percentage out was about 20 per cent. 
eet _ Up to this point, mention has been made of the number of tests required, — 
: - the frequency of tests and the analysis used in ¢ constructing the earth hem-— Sana 


Be 


bankment for the Road Test. Some discussion of the testing procedures them- 
At one time there were four five- ~man mobile field crews, 25 laboratory : 
_ technicians ; and other help, making a total of over 50 engineers and technicians ; 

doing construction control for the materials laboratory alone. _ Whenever — iowa: 
possible, they were set up for assembly line production. In most cases, the 
_ contractor had his acceptance | of a block-lift in one and one-half hours 0 
complstion of ‘the rolling as 25 block-lifts were complete 
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One of the greatest sources delay in control | is that of 
determining the moisture content of the samples. On the AASHO Road Test, © 
a continuous ‘drying oven was built which contributed asm much as any ‘single 
= to the speed of testing. . The main features are shown in Fig. 3. It con- 
sisted basically of an endless chain which passed the weighed wet samples of i , 
soil under a battery of infra-red heat lamps. With the use c of tated and © i et. 
"numbered ointment boxes and scales at both ends of the o oven, ‘samples could = 
be kept drying continuously. One sample took 23 minutes to dry; and samples os 
= be dried at the ‘rate c of four per minute. As many as 1200 samples mle 
_ dried through this oven in one day; and altogether over 70,000 samples have a 
passed through the dryer inthe pasttwo years. 
densities were determined by a procedure which made use of 


density specimen, the proctor penetration needle and a family of moisture- 


density- proctor needle reading curves prepared from standard tests on the a 
soil. F Fig. 4 shows a ‘section | of the family of curves and d indicates 
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Continuous Drying 
‘ _ how they wore used. Wet densities corresponding to optimum conditions were 


& directly from the curve, but optimum moistures were obtained by adjust- 


ing the moisture contents of the molded specimens as indicated in Fig. 4— the 


— illustrative problem shows a sample moisture content of 14.8 adjusted plus ae 


Pr ).4 percentage points to 15.2 for an optimum. Wet densities were converted i 
o dry densities before per cents compaction were computed. 


. & aoe of soil for the maximum m density tests were obtained from selected 


spots on the road before the water was added with the rotary mixers xersand 
brought to the central laboratory for processing. In the laboratory, several bids 
men pulverized the soil, sieved out the plus 1/4- inch material and passed the 


sample to another group which blended water with the sample, by “feel”, to 


_ within a few percentage points of optimum. | Another crew compacted one ee 
mold | (4- inch diameter mold, 5.5 lb. . hammer, inch drop), 
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‘Sample Problem 


density = 132.2 per | 


Moisture = 14.8 % 
Needle re reading = = 700 PSI | 
Max. density = 115.3 PCF 
Optimum “moisture = 15.2% 
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A picture of the 
test equipment is shown in Fig. . 5. These e samplers were made from 3- -inch 
thin-walled tubing, cut into three 7/8-inch lengths . They were bevelled on “al 
end and connected | on the other to a drop hammer driver with a pin for ease 
= = of removal. All tubes were numbered, weighed and the volumes determined. % 
_ The volume of soil measured was about 1/70 cu. ft. Two samples were usual- 
7 All tubes were wrapped in shmtenii foil and brought to the laboratory for 
processing. In the laboratory a crew of about seven men trimmed the ends of 
s the samples with butcher knives, weighed them and obtained moisture samples. 


here the moisture samples went through oven and the data 
were sent to the ‘calculating unit computation. 

“Compaction Control, Granular Subbase 
Fig. 1 indicates that a granular subbase of varying thicknesses underlays e 

= _ the portland ‘cement concrete pavement and is the lower component of the 

wa flexible pavement structure on the AASHO Road Test. The intention was that 
‘ G ‘it represent typical gravel subbases in highway use, be drainable, and have a: 


- medium structural stability. Ree 1 gives typical test data for this material. 


TYPICAL Test DATA SUBBASE 
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als as well as to the soil. For that reason, the subbase could not be a ae 
run material, ‘but | rather material produced under a high degree of control. | A 
pleat was set u up on the test road site where the raw material was washed, ¢ 
Screened and blended to meet rigid specifications. 


To insure close ‘gradation control, a job- -mix formula was s set ‘up with limits 


and 2 per cent on the No. 200 sieve. Tests were made continuously Gueedli- - 
out the day at the plant. Six gradation samples were also taken from each 
block on the roadway after the spreading operation. Over 99 per cent of mate 
than taken from the roadway were within the specified 


In addition to a direct comparison to a gradation requirement, results ee 


procedure cannot be given here; swore Tis 6 shows the same type of nant 
used for study of maximum densities. (For a discussion of control charts see 
reference 3.) The gradation control chart showed a and ranges for sub- 
aa of six (N= 6), for certain selected sieves. Very few of the | means were 
Le out of control, indicating that for the job as a whole gradation control ill 
_ excellent when compared to the variation among bad six tests in one con- a 
Most of the subbase material w was placed on the road in 
 4to 11 inches thick with self-propelled mechanical spreaders loaded from the 
shoulder area, given nominal 1 compaction, and _ as oe cover over the 
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winter of 1957- 58. ‘The summer this, was to the 
a specified density and new material added where needed. Material in place a 7 
was scarified, sprinkled with water from trucks operating on the shoulder and 
compacted with several passes of pad-type vibratory compactors. New ma- — i 
q terial was generally placed at or near the proper moisture co content and was was 
_ The specifications required that the subbase _ material be compacted to be- 
tween 100 and 105 per cent of maximum laboratory density at plus or minus * 
F one percentage point from an. optimum moisture content determined in the - 
field. The maximum density was determined using the standard AASHO pro- © 
cedure except that all plus” 1/2-inch material was removed and replaced with : 


ue -inch to No. 4 material. Full moisture-density curves were made 


- composite samples of subbase material taken from the roadway | prior to 
_—* use was made of the type of quality ‘control chart shown in Fig. 6. (For 
a discussion of control charts see reference 3.) Maximum densities from all 
_ tests were grouped in sets of two as they were completed and the means and 
ranges plotted as shown. average range for each loop was computed and 
control limits for means calculated. If all means of two were within the con- 
_ trol limits, the various tests were considered to be of the same universe of 
| densities and the overall | mean was used as the maximum a tis to sane 
Field densities were taken by mobile field crews at vaiseiail selected lo- 
cations. 4 However, , because of the variations in thickness among the sections 
s Fig. 1) it was not practicable to. stay y with the block-lift plan ‘used for oe “4 
7 soil. Each lift was considered as before, but only one or two sections could ‘| 
: be accepted or rejected at a time. Therefore, from four to six tests were set : 


as a minimum for rejecting the work : at any one =. The analysis of the © 


Densities in the field were obtained with the 
e shown in Fig. 7. Care was taken in digging the holes to avoid loosening the Re : 
granular material along the sides of the hole. The material removed from _ 
the hole was sent to the central laboratory, in friction- -top cans, where it was _ 
q weighed, the moisture content determined, and all calculations were made. nak: 
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- the test data as described previously for the soil, but the average unit per- 


Control, |, Crushed Stone Base hes be 


se under the ‘flexible pavement (again see Fig. 1) was a i 


uper 


‘This. was furnished by a nearby materials producer in sizes, 
plus a special No. 40 to No. 200 blending material. It was weigh-batched on a 
_the job into trucks and hauled to the road where it was mixed to the proper y 
water content in a 34 E dual-drum concrete paving mixer. -. Spreading was ay 
~ accomplished with a self-propelled mechanical spreader which was iiled | 
from a belt operating off the front of the mixer. _ The desired density was ob 
= with a pneumatic-tired roller followed by a steel three-wheeled roller. 
Unlike the subbase, the base was laid in 3-inch compacted layers. _ However, 
— requirement of compaction to between 100 and 105 per cent of maximum — 
_ laboratory density, basic procedures and testing techniques, | and analyses of — 
data were essentially as described for the subbase. Only in the method for _ 
_ The method used for obtaining densities of the compacted base material 
alae use of a nuclear « density device . developed and built on the proj ect. (2) A 


of the unit in use is shown in consisted of a ‘surface probe, 
> 


obtaining densities in the field was there a radical departure. “hha aparece aa, 


ie yh Approximately 150 tests were made to determine maximum density and on ' vhic 
ty h. i over 2000 field density tests were run. Each unit or group of sections was cater 
usually accented on the hascis of an allowable 35 nercentave out computed fro vas 
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which sputetntiia a source of gamma-radiation and Geiger- -Muller t tubes — 


rated by lead, an accurate timing device, and a scaler or counter. img The unit = r 


amount of radiation which was picked up by the Geiger-Muller tubes was pro-- 
portional to wet density and could, with proper calibration, be: used to cee, | ; 
density. A typical calibration curve is shown in Fig. 9. eas (9 A> 
_ Operation was relatively simple. The probe was placed upon the compact-_ 
ed base course at the ‘Spot selected for test and three T2- second | counts made. 
An area approximately 8 inches in diameter was covered as the probe was ro- 
“tated between the three counts. The average of these three counts was used» _ 
to estimate wet density, using the calibration curve shown in Fig. a 
moisture sample was obtained with a _ shovel, placed in sealed cans and sent 
to the laboratory where it was dried in the continuous oven. Per cents ~ a 
-paction were then computed and the analysis for acceptance made. 
; ‘This device was used with success on the Road Test, where it became clear 2 
‘teh the planning stage that the desired number of tests could not be — 
with conventional procedures. About 1000 tests were made altogether, and 
the degree of control was better than that for the -subbase; the job average unit 4 
- percentage out batng less than 10. Several items contributed to this low vari- | 
_ ability in density, among them being the extreme care in batching, mixing and > 4 
j Placing the base. However, it is also felt that the nuclear density device is _ sae 
inherently more accurate than devices which measure the volume ofa ; 


into the material. 


 CONCI LUSION 


A brief description of procedures and statistical 
_methods used on the AASHO Road Test has been presented. More complete 


Calibration | Curve (C 
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escriptions ons will be presented in Road Test reports to be —_" later. At " 

‘the time of writing the paper neither time nor policy would allow the present- 
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ie 4 ‘shown in Fig. 2 has been taken from material prepared by Paul E. Irick, i. 
_ Chief of The Data Processing and Analysis Branch, AASHO Road Test, who © 
up the statistical procedures mentioned inthe paper. 
4 _ The illustrative problem in Fig. 2 shows six values for per cent com- _ 
-paction. determined at six (out of all possible) spots available for testing. ee 
mean (=) and standard of values were using 


= 
— 
— 
— 
| abov 
matic 
value 
per c 
4 
— | 


5 


Next a calculation was made ‘to determine how many § deviations 
the mean (&)w was from the ene and lower (L) | specification limits: © 


> 


| 


‘The ratios Cy and used to ome the per cent of 
above (Py) and below (P 1) the specification limits U and L which would have ~ 
_ found had a very large number of tests actually been made. This cat 
-mation was made from published Tables by Lieberman and Resnikoff.* 
| __‘ The work was accepted if Py + Py, did not exceed some arbitrarily chosen — ak. 
_ Note that in the illustrative example Py + P;, was calculated to be 18. aa 4 


per cent, although actually 16.7 per cent, or one- ~sixth, of the individual tests — 
were outside the specification limit. 


aa 199% 
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G. ‘and! Resnikoff, G. J., “Sampling Plans for Inspection 
Variables”, Journal of the American Statistical Association June, 1955, 
457-516. 
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Soil techniques. i 

enteciien in the Arctic are described and compared. _ Since the methods used ae 
were only partially su accessful in recovering samples | for : field testing, Sos 


+1955 and 1957. which were used for obtaining permafrost 
during the two programs are described and compared. - Since the sampling 
_methods used were only partially successful in recovering soil samples for ie 

field testing, recommendations are maue for the of pro- 


cedures which should prove to be more satisfactory. : 


investigations for building foundation pavement design were 
undertaken at the Frobisher Bay Air Base, Baffin Island, Northwest Terri-_ 
tories, Canada, during | the mid- -summer of 1955 and late summer of 1957 under 
contract with the U. S. Army, Corps of Engineers, ‘Eastern Ocean District. ‘as 
This air base is located at the head of Frobisher Bay on the southern part of % a 
‘Baffin Island about 200 miles south of the Arctic Circle. | The mea mean annual ag Ee 
Note: Discussion open until March 1, 1960. To extend the closing date one month, a 
_- written request must be filed with the Executive Secretary, ASCE. Paper 2212 | s 
sl part of the copyrighted Journal of the Soil Mechanics and Foundations Division, 
: Proceedings of the American Society of Civil Engineers, Vol. 85, No. SM 5, one? csatl 
Engr., Fay, Spofford & Thorndike, Inc., 
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Frobisher Bay i is accessible only by a air September 
_ and part of October, when the bulk of supplies and equipment for the year’ ie 
~ operation of the base are brought in by sea. Personnel, perishables, and is 


certain supplies are flown in and out of Frobisher Bay when necessary ‘a 


a The investigations are described in detail for each year relating t the > Scope = 


a during the progress of the work. It must be ‘emphasized that these programs = 
_ were undertaken to secure subsurface data for engineering design and are in 
. no way to be considered as research projects. Data a obtained included classifi- 
_ Cation of the soils in the upper “active” layer and in the permanently frozen — “: 
Speman” classification of any segregated ice in the rennet, water 


content, and in-place density of the several soils. prea ies: 


In 1955, Fay, Spofford & Thorndike, Inc., was retained by the Eastern re 
Ocean District, Corps of Engineers, to design several permanent- type build- 
“ey _ ings at the Frobisher Bay Air Base, a project requiring subsurface infor- Coal 
mation needed to properly design building foundations. The area was known» 
- to be underlain with permafrost, but borings were required to determine the © 1 
types of soil in the upper “active” layer which is seasonally frozen as 
_ thawed, the types of permanently frozen soil comprising the permafrost, and 
existence of segregated ice inthe permafrost. 
_ The project, after being discussed in some detail with personnel of the we | 
ee Construction and Frost Effects Laboratory, New England Division, 2 
Corps of Engineers, resulted in a program consisting of 23 borings in an area 
of less than one- quarter of a square mile. _ Twelve of these borings were to 
be 30 feet deep and 11 of them 60 feet deep. Data required for foundation de- | 
sign were to be obtained by field testing, since some tests were better per- 
formed on frozen soil samples. However, it was planned to preserve typical _ 
‘Samples in wax for laboratory testing in Boston in order to check anes results 
A-contractor with previous experience in soil sampling in was 
_ engaged for the boring work. ‘His method, employed during his previous Arctic 
work, entailed continuous drive sampling, with churn drilling substituted to ¥ : 
advance the boring when drive sampling was stopped by harder material. yo 
- Bp ‘it was adopted | for the 1955 program, with the added d requirement t that 


q a me ‘The di drill rig used was a Bucyrus- s-Erie Model 20-W churn drill adapted for 
continuous drive sampling (see Fig. 1). The personnel included one super- 
-_intendent, two drillers, and four drillers’ ‘helpers. This group was divided 
into tw two crews, , each working 10 days aday. The superintendent organized 
and personnel, prepared boring logs, and generally 
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“aa 1. Erie Model 20W used in 1955 Program. 


two helpers who made up the tool string, sharpened bits, and otherwise main- 
: tained the equipment. Due to the remote location of the site and relatively cll a 
ie - limited facilities for equipment repair, all of the heipers were qualified drill- 
ers and all of the men rotated jobs throughout the work. 2” ig: ub 
' = The drilling tools were ‘suspended by wire rope and, when drive sampling, = 
. included a rope socket, drill stem, drilling jars, core barrel, and drive shoe. 
_ The drilling jars consisted of two steel members interlocked to permit =~ 
movement in the vertical direction only, this movement being about 30 inches 
maximum. A walking beam on the drill rig caused the upper part of the tool 7% 
string to move vertically about 20 inches. A total weight of approximately 
850 pounds was raised and dropped by this walking beam, the drilling jars be- 
ing the part which transmitted the driving energy to the drive shoe. Asthe _ ia 
_ core barrel and drive shoe were driven into the ground, the wire rope was plone 
fed from a drum by a hand lever to permit continued penetration, = Ls 
¢ _ When | spudding or churn drilling, the tools consisted of a rope socket, drill- , 
ing jars with a 6-inch maximum travel, and a rock bit. The entire tool string ‘ 4 
was repeatedly dropped, breaking up stones and boulders in the way. . Water ee 
was added to make a slurry of the pulverized stone and the hole bailed out. ined 
» _ The drill rig was skid-mounted and of such size and weight that moves be- > 
tween borings were made with a crawler-mounted tractor. The area in which 
the work was located was generally of low relief with a sandy topsoil in which 2 
F a wheeled vehicle towing the drill rig might well have bogged down. Included 
as part of the equipment was a prefabricated 1 tool shed. This also was mount- 


ed on skids for mobility and and proved “ be invaluable for keeping small tools a 
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sal Fig. 2. Drive shoes after driving into gravelly soil. (1955 Program) _ 


4 


y it All soil samples of the a active layer 1 and of the Bilas were obtained by 
drive sampling. However, at the start of the work, water was found above the | 
— table and bagged i caving of the sides of of the hole by running in and : 


thawing downward and the had be redrivent to 
— Soil samples obtained ™ drive sampling varied from 3- 1/2 to 4- -1/2 inches 

in diameter. _ The drill was equipped with a piston type sample extruder to Sa 
oarre Those which were satisfactory for 

soil and ice classification and for simple field testing were obtained only in 


_ five- -grained sands and silts. . Occasionally, one was lost due to the hard back-— 


_ When coarse sands and gravels were encountered, little, if any, penetration | 


i ms possible by driving. (Drive shoes were badly damaged in gravelly ma- __ 


‘or bailing, but there were entirely for classification or testing. 


_ terials, as can be seen in Fig. 2 2). The operation was then changed to churning 


_ spudding with drive sampling attempted every five feet. The only samples _ 


obtained of coarse-grained material were small chunks recovered by driving st 
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Bay Air Base. project involved. of the existing run. run-— 
3 way from 150 feet to 200 feet, lengthening it from 6,000 feet to 10,000 feet 7 “a 
and adding a new taxiway and apron. Once again, was 
It was believed that the churn-drilling method of 1955 was not entirely ‘on 
ies for boring work in the ‘permafrost area, due particularly t to the 
impossibility of proving rock or boulders. - Canadian and United States eee 
ture on subsurface exploration in the Arctic was studied and a decision made > 
_ to adopt core re boring methods. Borings were to be taken wi within an area 
several | square ‘miles. - Again, data required for the paving | design ' were to » 
obtained by field testing of recovered samples. testing 
a ‘The: contractor engaged for this work had no previous experience in sub- Ba 
surface explorations in permafrost areas. Core drilling procedures, proved i a 
_ successful in other Arctic areas and outlined in the literature, were dis- a a 
cussed in detail with the contractor and with personnel of the Arctic Con- 
_ struction and Frost Effects Laboratory. The technique agreed upon involved a 
_ several operations. . Asin the 1955 work, drive-sampling was to be used a 
advance the boring to the permafrost. A casing would then be driven into the BS, 
permafrost to seal out the ground water. The boring would be completed by 
: core-drilling, using a chilled salt solution as the circulating fluid to prevent 
thawing of the side of the hole and the sample. Continuous sampling ' was ex- 
pected, including those of any boulders or rock which 4 be encountered. 7 


The equipment used in this work was a Sullivan-12 core ‘drill, equipped to 


take cores from 2 inches to 4 inches in diameter and drive ‘samples from os 
i- 1/2: inches to 3 inches in diameter. ? (See Fig. 3.) The operating crew con- 
F sisted of one driller and two helpers. A superintendent was on the job during - 
: ™ the initial part « of | the work to to expedite setting up and organizing the equipment. _ 
_ When the equipment was set up for drive sampling, a 300-pound hammer 
al falling 18 inches was set up to drive the sample spoon. Though larger spoons 
were used a as much as possible, often the use of 


PERMAFROST AREAS 


were used in an “effort to improve recovery. 
ia , The core drill rig was skid-mounted with a winch and cable and was light 
Zz to permit maneuvering in ‘rough terrain, under its own power, once ee a 
suitable anchorage was found or set. For long moves and on level terrain, the — 3 
drill was moved about with a 2-1/2 ton truck, but i in in hilly or ir swampy areas, 3 i 


i yee ih of the thawed , active layer r and of the upper foot oe so of — 
_ permafrost were obtained. These varied from 1-1/2 inches to 3 inches | in ae a 
; diameter. Since no sample extruder was available, samples were knocked out oe 4 
of the sample spoon by; rapping the side with or bouncing the 


operations were begun, the hole was sealed by a te to 
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re Fig. 3. . Sullivan - - 12 Core Drill used in 1957 Program. ray) poet 


a is ally was done by driving methods. The samples of fine-grained soils vet 


was prepared from salt, water, and sea ice. By adding ice and constantly agi- 
tating the mixture, its temperature was reduced to about 30 degrees F. Dur- | 
ing coring, the salt solution was circulated and its temperature, after circu-- 
- lation, varied from 31 degrees F to 33 degrees F. No cores were recovered — 
} ie An attempt was made to reduce the temperature of the circulation fluid ae. 
4 further by using ice prepared in refrigerators located at the base and kept at 
"temperatures well below zero. Although a large amount of ice and a small pr 
-. amount of water were used, the resulting solution was only one or two degrees 
colder than the original, even after several hours of agitation. No cores were 
Since drilling with liquids had resulted in unsuccessful core r recovery, 
was decided to try drilling with compressed air. To dissipate the accompany - 
ing heat, a long hose was laid on the ground between the air * compressor and 
the drill rig. This gave some good cores in gravels, sands, silts and ice (see 
Figs. 4 and 5), but over-all results were erratic as may be seen in Table 1. _ 
- ‘Due to the delays in obtaining equipment for drilling with compressed air 
and the subsequent breakdown of the compressor, most of the sampling actu- _ 


were generally satisfactory for identification and testing. However, the 
hammering required to remove the eo samples from the spoon often broke them a 
_ up and prevented some testing. Sand? 
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diamond bit and com air. #24, 9'-12.5' depth, 1957.) 


"The ov over- -all rate of boring in 1955 with | 
“pe per 10- hour day. . This included time spent in unpacking at tthe site, movin 


eres and equipment breakdown. The cost of the Barings, including mobil- 

_ ization, demobilization, and travel time to the site, was $42 per foot. a 
i 1957, the work actually done included 20 holes from 12 to 16 feet deep, ; 
Ee - 4holes from 18 to 20 feet deep, and one hole 25 feet deep. | The 60-foot hole 7 Z 


planned went to a of 19° where rock was encountered and 


be an economic it appears that the the of obtaining sub- £09 


surface it is same, of what — is = 


rees 
vere 
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ant Fig. 5. Core of frozen silty sand with massive ice obtained by +e 
Sampling. (Hole #18, 7'-8' depth, 1957.) 

_ However, it is is believed that core drilling is is the more ‘satisfactory metho method b e- 

cause of the m mobility and versatility of the equipment used. core 
The core drill was much more easily handled for air transportation to the 

i site. | Once there, it was more easily moved about by truck or, in the event of 
rough or swampy terrain, by its own power. 

Although the core drill was more mobile, its production rate was kes half 


that of the churn drill. This \ was is due tc to several reasons. 


ae _ The | biggest | loss of 3 


| 


was the time spent. in fairly moves between and te rela- 
tively short time in making the shal shallow borings. 


trill obtained sineaies which were satisfactory for classification 
testing only in fine-grained sands and silts. suitable samples of 
~grained materials were obtained and there was no way of proving 


The churn « d 
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NXM double-tube core barrels and compres- 


, a suitable for classification and testing were obtained by core drill- > 
ing with air in all types of soil encountered, although the core recovery was - 
unreliable. However, cores of boulders and bedrock were recovered, showing — 
the capability of the core drill for proving the location of bedrock. When Sa a 
_ was used for drive sampling in permafrost, only fine-grain soil samples were 


sample extruder mounted on on the churn drill helped samples 
_ that were of a good size for testing. With the core drill rig, the hammering | 
used to remove the sample from b both drive sample | Spoons and core <2 


fractured the sample to such an extent that testing was limited on many . aft 
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‘The soil pos program was essentially the same for both years and con- 
sisted of determination of natural moisture content, in-place density, gra- 

dation, and Atterberg limits. Equipment for these tests, with replacements 4 
: fragile items, was shipped to the site and a laboratory was set up at the 
One soils engineer the boring program and operated t the a 
- _Description and classification of the frozen samples were made immediate- 
_ after recovery. The soil types were identified and described in accordance 


with the Unified Soil Classification System of the Corps of Engineers. The = 


loss of moisture from the sample after the sample had thawed inside the wax © 
coating. These samples also proved adequate 1 for further tests to 
determine freezing and thawing characteristics. 


= rigors of from the to Boston and prevented 


“ings 0 or for paving, affects the thermal regime of the permafrost and may re- 
sult in the raising (aggradation) or lowering (degradation) of the top of ta 
permafrost. , This change in the permafrost table is a function of such soil _ 
In 1955, the Arctic Construction and Effects Laboratory performed 
&§ A freezing and thawing tests on typical samples, as well as other tests to check 
—_— a field results. All of these data were correlated with the proposed building de- 


settlement during summer thaw and excessive heaving during winter lates 
It was necessary, therefore, to prevent thawing of this material or to locate 
the building foundations well j into the permafrost b below w any possible depth of 3 
ome foundation design recommended for this condition was spread footings | 
} we ona gravel fill with an air space between the bottom of the building andthe | 
; a top. of the gravel. ‘The gravel fill is to serve as an insulating layer to present — 
. ‘thawing | of the frost- -susceptible permafrost. The air space under the building 
will permit complete refreezing of the soil under the building each winter and 
fe ‘prevent progressive degradation of the permafrost. signsa 
a oe In 1957, again the problem was the possible lowering of the permafrost _ 
table under the paved areas. Most of the taxiway was to be on fill, which would 
act as an i insulating layer and. minimize change in the thermal regime | ofthe — 
permafrost. ‘The runway and apron paving, however, would affect the 
frost directly below. The — arose whether the paving design sho should 
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‘a ' Permafrost ‘degradation would result in settlement of the pavement as =— 


4 


— soil thawed. Partial 1 protection would | permit degradation of the permafrost — 


and consequent damage to the pavement, which would require periodic ee 7 


a If complete protection were to be provided, an eight-foot insulating layer 


sof gravel would be required under the finished paving. if partial protection ~ a 


if ( were considered adequate, the new paving could be overlaid directly on the ~ 
te- _ existing paving, and periodic maintenance performed as required. In this : 
ce) ‘particular location, it was recommended that partial protection be a. 

the comparison the drilling procedures described in this paper, it 
‘seems that core drilling is the better method for subsurface investigation in 
d ‘te Arctic if the full coring capability of the drill can be utilized. "Experience ~ 
a to date indicates that the use of compressed air is the key to developing | this 
a _ capability. _ Factors which may affect core recovery are rate of air flow, ‘cool-— 
ae ing of air, size of core, speed of rotation, rate of feed, and type of bit. Also, ak 
4 "there may be a depth Limitation beyond which : it is aot possible to drill without 
Re Once a satisfactory drilling method has been developed, it is believed that 
om progress can be improved further by making the investigations i in the early 


_ spring of the year. At this time, the _ ground is frozen to the surface, and 
there would be no need of drive sampling in the active layer or of casing the 7 7 
hole to seal out the ground water. The disadvantage is the effect of the 

weather on personnel and, ‘consequently, o1 on production. 


a conclusion, it is believed that subsurface explorations in in the Arctic are _ 


4 2 best accomplished by core- drilling methods. However, reliability of core re- es 
ck i covery must be improved before | core drilling. can be considered fully satis- 6 
de- factory as a method of securing samples. The 1957 boring program — 


that further field experience, using compressed air with a core drill, will re- — 


>< 
oe 7 sult in procedures that will ensure consistent recovery 0 of permafrost cores. a 
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SYNOPSIS 

10% ‘This paper an with construction pore pressures ‘in 

pet ‘polled earth dam. It is the study of a case history. Asa result, a new method ee 

‘The existence and importance of construction pore pressures in an earth cn 


Bac are generally recognized but a . satisfactory method of predicting the es ; 

pressures for design use has not yet been developed. An attempt is made i : 

to analyze the data obtained from the construction of Quebradona Dam for the © 
_ purpose of contributing information toward a better understanding of the pore a. J 


- Quebradona Dam isa . rolled earth fill structure about 100 feet high, locat- ae ; 
ed on a tributary of the Rio Grande about 40 miles from Medellin, Colombia, 
South America. _ ‘It is part of the hydroelectric project for the City of Medellin. © 
‘The construction started on June 1, 1956. Water was first impounded in the Be 
_ ‘reservoir and the dam was put into full use | on July 5 5, 1958, after ee a 
Under normal climatic conditions, the construction of Quebradona Dam | 7 
weal be particularly susceptible to the development of high pore pressures ; 
in the fill. The available silty material for | embankment | core had a natural 
_ Water content of about 35 per cent anda natural density of about 82 pounds per 
= foot. The placement of embankment had to be se carried out rapidly in 4 os 
order to fully utilize the relatively short annual dry seasons. _ Fortunately, the 


_ period of actual construction of the dam embankment coincided with the se 
wh ‘Note: Discussion open until March 1, 1960, To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE. Paper 2219 is 


Coy. ‘Engr. Gannett Fleming Corddry & Carpenter, Inc., 
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“year ¢ on record. " The ‘soil placed wa was in a much drier condition than the bas daha ie 
normal natural water content. Consequently, the actual construction pore hy s 
_ pressures are much lower than those estimated in the design. Nevertheless, we 
the actual measured pore pressures and compressions in the embankment, ac 
and other information related to the setup of the rene pressures are interest- — 


_ The embankment fill was aokaineaial wit two types of residual soil, silt 
and decomposed rock,2 which are derived from the weathering of an igneous 
. rock, quartz-diorite. The compacted silt, a relatively impervious soil 


‘ (Darcy’s k = 10 feet per year), was used as the core material. The compact- 
; ed decomposed rock, being somewhat more pervious than the compacted silt = 
_ (Darcy’s k = 30 feet per year), was used as the shell material. The gradation ~— 
t curves and other general characteristics of the soils are shown in Fig. 1. The | 

typical embankment section of the dam is shownin Fig.2 
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4 F The fill material was by “The actual 
4 density averages 96.2 pounds per cubic foot at 25.4 per cent water content for ae 
2. names adequately y describe t the colt. so be 
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ar and 105.7 pounds at 17.7 water content for decom- 


:. > “ae Most of the embankment was placed within a period of about 3 months _ ol 
x (December 10, 1957 to March 15, 1958). During this period, the total height 

of the embankment placed was about 80 feet. The rate of embankment il 


_ Three types of test apparatus were installed: (1) 15 piezometers were 


one settlement installation, consisting of 9 crossarms 10 feet 
apart was installed at the point of intersection between the u up- 
‘stream edge of the dam crest and the original stream bed to record the em- | 


bankment consolidation throughout the whole height of impervious silt core; 


and (3) 7 surface settlement palate were on the downstream 


earth dams. principal details of the are. 

7 ‘shown in Fig. 4. Plastic tubing was used to connect the piezometer tips with 

the measuring gages | (Bourdon- tube type) located in the piezometer house on 
the downstream face of the dam. equipment installed in the piezometer 


‘house includes a 1/4-inch standard brass pipe manifold, an electric water Ady 
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PORE PRESSURES 

pump, an air ir trap, gage gages, , needle valves and guxiliary fittings. test ig 

equipment was purchased commercially in the United States. 

:) aa Continuous readings from all the test apparatus have been recorded since : 
a their installation. They are found to be quite consistent and dependable. The 
_ @ readings were reduced into graphs and sketches which are presented in Figs. a — 4 
§5tol3 inclusive. These intended to be 


re record of embankment consolidation is shown 
Figs. 5, 6, and 7. Consolidation was rapid, practically coinciding with the 
placement of fill. Eighty-three per cent of the total primary consolidation had 
occurred by the time construction was completed. It is expected that virtually DS 
all of the remaining 17 per cent will have taken place within « one year after 
construction. | Fig. 6 shows that the field compression curves for the material — 
at different crossarm intervals are not the same and vary according to the © i a 
4 elevations of the material placed. Since the soil type and its placement con- sina _ 

ditions are practically unchanged throughout the full height of the settlement a _ 
installation, this difference in compression defies a satisfactory one emenel 


‘The data concerning pore pressures are shown in Figs. 8 through 13 in- ike : 

clusive. The observations regarding construction pore pressure es 
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The rate of increase of pore pressures decreases with the total loading, 


as shown in Fig. 12. This may be attributed principally to the effect tof 
drainage in the fill. For a fill allowing no drainage, the rate of increase .7 
of pore pressures increases with the loading until the condition when oe 


there is no free air in the soil voids; and then the rate of ercagnvind in-— 


2. Fig. 13 shows that the relationship between the measured we — 
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earth 


3-METER VERTICAL INTERVALS-MM 


laboratory compression test of the representative samples. The — 


mum construction pore pressure is less than 1 20 0 per cent of the _— a 


load under the existing conditions. (Fig. 
Both Figs. 12 and 13 show that the theoretical calculation of the con- 

_ struction pore pressure, assuming no drainage, is far from reality. a 
The dissipation of the construction pore pressure 


Discussion 


T 
The progressive addition of the construction of a rolled 


fill is alg by the ‘Gradual process of volumetric decrease val 


INSTALLATION 


i 

— 

the decomposed rock fill 

The drainage blanket is a | reducing construction 

pore pressures. (Figs. 8 — 

> 

| 

| 


the underlying soil mass. ~_— a soil mass is made up of solid soil part 
_ water, and air, and assuming that the water and soil particles are incom 
; & pressible, the volumetric decrease is the effect of the extrusion of air and 
water. _ If air and water can be expelled from the soil mass as fast as the - 
volume change takes place, no pore pressure will develop. However, ifa ie 
significant amount of time is required for the extrusion of air and water, ode 


the soil mass, As the | excess air and water drains from the soil 
_mass, the pore pressure dissipates. Therefore, the magnitude of the pore | 
= pressure developed in a rolled earth fill depends upon the following principal 


1. The characteristics of soil mass: 


b. Volumes of air and water 


| The pore. all the above factors into 
consideration is a very complex problem, the solution of which is possible — q 
after making simplifying assumptions. The theoretical calculation of 


aid pore pressures, assuming no drainage or no dissipation, such as the deri- 
vation by = the solution of the problem under limited 
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__The construction of Quebradona Dam may be viewed as a large scale ex- a, 


{ Gee ‘PORE PRESSURES 


periment on pore pressures in an embankment fill under controlled conditions. 
There were many conditions experienced during construction that reduced — 


conditions were: The rate of increase in embankment loading was approxi- c 
mately constant; the soil placed 1 in the zoned section consisted of the same 
type of material throughout the entire height of the dam; the compacted ma- 
terial had a limited variation both in moisture content and density; and the Pa, 
drainage characteristics of the core material at the location where the La 
measuring instruments were installed was approximately uniform in all di- 
‘Estimating Construction Pore Pressures, Considering Dissipation 


_ The pore pressure in a soil mass resulting ffom an increase in the total 


stress, withow! without drainage, can be computed by the ‘the following equation:\<) (2) 


-whereu = Total pore pressure after compression minus atmospheric 


i.e., piezometer reading, | 


Pa Air pressure, approximately 
= Volume of free air in the voids, in percentage > of initial volume 


— Pore pressure contours ore ae 


~~ 
Ne 


16,1958 
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e 
= Henry’s constant of solubility of air in water by volume | me 0198 aan 
ee. Compression, or volume change, in percentage of initial ‘volume pore fj 
As reported by Hilf, (3) Eq. (1) gives only the theoretical air pressures in j due to 


‘the ‘soil | voids. - The pore pressure | should b be the algebraic sum of the a air sat ¥ ‘Eg. (1 


. The inclusion of the negative capillary pressure would reduce the computed allows 
pore pressure. The surface tension effect is neglected in this study because “incres 
the observed piezometer p1 pressures do not suggest its presence. 
a Actually, the drainage process of the soil mass sets in as soon as pore _ f “Meth 


_ pressure develops. . The drainage of pore fluids (water and air) dissipates the 

_ pore pressure at a rate depending upon the p permeability « of the soil mass, the ae Th 
time rate of construction and the drainage provisions in the fill. It is believed (1) is 
that this effect of drainage should generally be considered in estimating con- has th 


struction pore pressures even in very clayey soil, because any partial drain- satur: 
age would influence the of pore immediately dissig 
q 
An approximate of of pressures to include the 
effect of pore pressure dissipation during the shut down period between con- | crem 

\* _ struction seasons was developed by Bishop. (4) He computed pore pressures |) judgm 

in the fill during the construction season by assuming no drainage, and then — effect 
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= a certain proportion of the pore pressures to dissipate at ia end of 
the construction season before the application of embankment loading from 


_ Reasoning similar to that sn by Bishop may be applied to obtain the total | 
pore pressure in the earth dam to include the dissipation effect throughout | 


the entire period of a single construction reason. The embankment loading is 


: divided into an arbitrary number of increments. The pore pressure in the fill 


due to each load increment, without allowing drainage, is determined by 


Eq. (1). . Then a certain chosen percentage of the computed pore pressure is 
allowed to dissipate at the end of each increment before the next begins. — Soeee fl 


i is valid; (b) during dissipation, the mixture of air and water drained away 
has the same proportion | by weight as that remaining in it, i.e., the degree of 
© saturation remains unchanged before and after dissipation; and (c), the actual 
) dissipation is a continuous, gradual process. The proposed method of calcu- 


lation is an 1 approximation of that process by steps. 


crema of effective stress must be assumed. This procedure requires good ; 


judgment which depends on an understanding of the soil characteristics, the — 


sidered as an empirical 
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Fig. ‘14, the curve showing the relationship between the effective etvess, 
6, and volume change, A, may be obtained from laboratory consolidation tests. 
For an arbitrary assumed increment of 01, the Aj, is obtained. The pore 
pressure uy, corresponding to Aj, with no drainage, can be computed from _ 
Eq. (1) and point 1a is obtained. Next, the pre- ~assumed percentage of dissi- 
_ pation after the increment in effective stress is applied. Since the effective - 
. stress is increased by the same amount of pore pressure dissipation, the 
: oo corresponding additional c compression results. Point 1b is obtained. _ Thus, pif 
increment 1 ends andincrement 2 begins. Sul 
From the o vs. A curve, the Ag corresponding to G9 is obtained. ‘To com- 
_ pore pressure from Ag, without allowing drainage, the initial conditions — 
of Eq. (1) must be modified. The initial air pressure, be the atmos~ 
ae pressure plus the undissipated pore pressure. 


Ya + HVy can be computed b ation: 


_ The derivation of this equation is shown as Fig. 15. Using Eq. (1) again and © 
_ the new initial conditions, the pore pressure u2 (point 2a), corresponding to. ] 
at the second increment of effective stress, can be computed. Then let the 
pressure dissipate to a desired value. _ Additional compression follows the 
_ dissipation and may be obtained from the o vs. Acurve. Point 2b is thus de- = 
termined ‘This is the end of 2 and the of increment 3. 
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same process is repeated for increment 3, for 4 and so on. 
‘A series of points 2 1b, 2b, 3b, etc., indicating the pore pressures after dissi- 
_ pation is obtained. | A smooth curve passing through these points is the de- ant 
_ sired pore pressure versus compression curve, from which the pore pressure - 
versus total pressure caneasily be determined. = = 
_ The determination of the magnitude and the number of increments of ef- * 
- fective stress for « computation use depends c on judgment. Generally, the pore 
- | pressure curve reaches a maximum when the slope of the stress- -compression 
curve is very | small (i.e., the curve is very flat). Three or four equally divid- 
ed increments of effective stress between zero and the beginning of the flat — 
are to obtain a well defined | pore 
Actual Results” 


< a _ The measured construction 1 pore pressures at Quebradona Dam are plotted 


in Fig. 16 against those which could be predicted by the method introduced 


ware? The: is compatible and encouraging. 
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dissipation,is known. 
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"lis the same as that 


end 


be computed. 


ot condition at fina! point ib of stage | is also the condition of the initial point of 
the next stage. To apply Eq.! for second stage undrained compression » Py 
and after rearrangment from the above relationships, 


in in which all volumes are er in % of initial iia of the soil mass. The origin for 
second stage at Ib. relationships can be for the 
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) pattern from that allowing drainage, even a very a amount of panne 


The effect of drainage on the construction pore pressure is cumulative ant is e) 
too great to be : ignored under high embankment loading stresses, | even in a na 
‘Theo obvious defect of | the Proposed method is the need for assuming a 
percentage of drainage, which is similar to the selection of an empirical __ 

constant. The compilation of empirical constants for general use can only 

: come from | the analysis of a large number of experimental data under variable | 

» conditions. . However, the dissipation \ value that may be arrived at from this a wf y 
study can be of immediate value for designing other earth dams to be con- 
structed of similar types of material. The material in this study is a very 
common soil occurring widely in Colombia and likely in many other tropic % 

A method of predicting the construction pore pressures, including the ef- 

fect of drainage, is described here. The significance of such a method is that “a 
for most soils encountered in dam construction, even though the amount of ogi 
drainage may be inaccurately assumed, the calculated pore pressures would “me 
be much closer to reality than those derived from assuming no ‘drainage | at -_ 
_ The problem of construction pore pressure in an earth fill is complex. At a f 
present, the problem of designing earth dams in which construction pore —> 
pressures will be an important factor, c cannot be solved by application of ipre- 
cise design techniques; its solution depends s greatly o on the judgment and | = - 
perience of the engineer. It is believed that those faced with this problem 
should continue to strive cooperatively to develop methods for simpler an a 
more realistic solutions. ‘This is a step in that direction. oa 


Dr. Baquero P., General Manager of Empresas Publicas de Medellin, 
i the owner of the Quebradona Dam, cooperated by authorizing the installation © 


of —— apparatus in the dam. Gannett | Fleming Corddry and Carpenter, — 


. of 

Medellin, Colombia. The author was the engineer in n charge of design and ai 
served as the resident engineer during construction. He is particularly in- 
5 debted to Dr. - Oscar Mejia V. of Integral, Ltd., for his generous —— 

and for the valuable suggestions he made during the course of i ae 
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Proceedings of the American Society of Civil Engineers 


SYNOPSIS 
- ie: Procedures for predicting and controlling the rate of construction of _ 
bankments on soft weak foundation soils are presented. _ Shear strength, the _ = 
key factor in such problems, is related to consolidation and effective stresses cae 


in the foundation soil. An illustrative example of a hypothetical embankment Bis 4 
stability problem and assumptions u used in such an analysis | are 


the ‘most difficult protien soils engineers who are en- 

4 gaged in the planning and design of earthworks and embankments is that of Kg 

= predicting the safe rate at which embankments, which must be constructed eae 
over deposits of soft cohesive soils, can be built up without overstressing the - 


bi foundation soils and causing large-scale shear failures. The problem occurs r “a 
frequently in highway design, where fills, frequently ranging from 25to50 
4 feet in height, must be built across soft marsh or swamp deposits. ‘The natur- es 


al shear strength of such deposits is usually too low to provide adequate sta- 
bility against shear failure if the fill is placed according to a normal con- 
struction schedule. a An estimate of the rate at which fill can be placed, a 
if only approximate, is therefore a very important consideration in scheduling Fg 
construction operations and in meeting time limits for construction projects. aig a 
The stability of embankments founded on soft foundation soils depends 
several factors which include: (1) the height, weight, and slopes of theem- F a 
bankment; and (2) the depth and of the ed poll. “The strength 


Note: Discussion open until March 1, 1960. To extend the closing date one month, a ~ ai 


written request must he filed with the Executive Secretary, ASCE. Paper 2214 is 

Bes part of the copyrighted Journal of the Soil Mechanics and Foundations Division, ‘. an 
nea Proceedings of the American Society of Civil Engineers, Vol. 85, No. SM 5, pie Mies! a 

oad 1 . Soils Engr., Greer Eng. Associates, A Div. of Woodward- -Clyde-Sherard a 
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of the ‘eamanbiin antl in turn, is a function of the ever-changing degree of a 
- consolidation resulting from the imposed embankment load. Another variable 
is introduced in the changing height of the embankment as it is constructed. | 
The problem of predicting the stability of an embankment at any time during 
or following construction therefore involves many variables and is one which 
_ can be solved only by a step-by-step and trial-and-error process.  §- 
" date, | no rational approach to this problem of predicting a safe rate of 
filling of embankments on soft foundation soils has been offered. Although _ 
: piezometers have been installed on many projects of this type as a means of 
oa io controlling the safe rate of filling during construction, it is believed tt that itis 
re judgment, experience, and rule-of-thumb methods have frequently been em- S | — 
ployed to govern the rate of filling in lieu of rigorous stability analyses based Fro 
on pore pressures and effective stresses 3 along potential shear planes. _ It is 4 _ ship be be 
the intent of this paper to present a systematic procedure hon can be used ae 
When n dealing with problems of this nature. 
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Bi boring program to determine the depth and lateral extent o of the soft foundation - 
’ soil deposit to be crossed. A sufficient number of representative undisturbed ” 
samples should be obtained at various depths to enable the pertinent physical ee 
properties to be determined in the laboratory. _ Disturbed samples from ad- "y 
ditional borings will permit correlation of soil properties over the site. __ eae. | 
methods of exploration, such as jet probings or wash- -borings 


‘= Plots « 


_ The physical characteristics of the foundation soil, particularly thoseof § circle: 

_ strength and consolidation, should be thoroughly investigated in the testing 2 > (assun 

"phase of an investigation. _ From the time curves of the tests, 4 

e 

load, which affects the natural (or in situ) ghese strength, should be de- nk a A seri 
from the pressure vs. void-ratio curves. — tangen 

_ ‘The shear strength of the foundation soil should be considered in two phas- | nek ade 

es: first, its natural strength; and secondly, its potential strength. The natur-§ 
_ £ a strength at various depths can be determined from unconfined compression ing th 
_ tests; from unconsolidated-undrained, or consolidated-undrained triaxial com- origin 
~~ pression tests in which the s samples are subject to stresses that existed in the Th 
natural state; or possibly by field vane tests. The potential strengthisa —§ “5s Pi 
_ function of the angle of internal friction for effective stresses (effective angle terms 


of friction) which can be obtained from a series of consolidated-undrained —  overb 
(Q) triaxial compression tests with pore pressure measurements. 
fon found that essentially the same angle of friction(1,2) or one having a aa premi 
nm slightly lower value(3) is obtained from consolidated-drained tests, but these jj “epth 
(ome are generally impractical because of the time required to perform them. quent! 

f The apparent angle of internal friction, which is obtained from =, applica 


undrained triaxial tests in which on 
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“not referred to in this p paper. . There been a great deal of mis- 


is s not the intent of this | paper to ) discuss the application of these ‘respective in 


point that the effective angle of internal friction should be used when comput- 


ing the shear strength of foes srs soils, or soils in . which excess 


Relationship Between Overburden Stress Shear Stren 


ship be between shear shear strength and normal stress, beeline 


7 2 acs effective angle of internal friction and the triaxial stress relation 

shown in 1, the shear can also be ‘engrossed a8 


~” 


0.29 


Plots of the ratioTto 01 from triaxial test ane in the range of eae fitters 
1 
i have been found to check such an equation closely. (2,4) a Pen, Sar 


_ The above equations are based upon frictional resistance, without regard 
to cohesion. Whether the tangents to a series of Mohr’s effective stress 
circles for undisturbed cohesive soils should be drawn through the origin a 


ee that the eye above the e tangent up to the Tange of preconsoli- 


such ¢ cases, it is difficult to determine which of the above interpretations a 
use. For normally consolidated soils, there is little difference between draw- ; 
ing the tangent to a series of Mohr’s stress circles through or just above call 


5 The key to analyzing the stability of an embankment, for the purposes of 


this paper, lies in expressing the shear strength of the foundation soil in as 
terms of the effective overburden or vertical stress. In nature, the effective — 

overburden stress on an element of soil below the ground surface can be aang Aa 
represented by 01, the effective major principle stress. Based on this 
premise, the effective vertical or overburden stress can be computed to any 


depth if the weight of overburden and the pore pressure are known. Subse- 
quently, the shear strength of an element of soil beneath the ‘surface can nbe 


expressed in terms of the effective vertical or overburden 
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a rate of filling is one of con- 
sidering the embankment to be built up in increments, as shown in Fig. 2;and 
finding the cumulative effect of the increments on the foundation soil, pa 
| ticularly along potential failure arcs, during the course of construction. Sta- 
bility analyses are performed at various stages of filling to determine when 7 
| the foundation soil, under the cumulative lifts of fill, has strengthened suf- 
ficiently to permit further increments o of fill to be added. | aoe 
eet After the consolidation and strength properties of the foundation soil are 7 


known, the firet step in the actual analysis of the org is to draw up an a 


4G 
length of drainage path 


‘Fig. 4 i is the graphical presentation of the theoretical process of consolidation 


which aids in finding the per cent consolidation at various — in the foun- — ma 


The next step is to find the height of fill that the foundation soil will safely 
support, assuming the fill to be placed as rapidly as possible. This — 
analysis can be made by a slip-circle analysis, or more simply by usin 

elastic method of analysis from Jirgenson’s tables for terrace loading,() if 

the top of the embankment is relatively wide. 
a The remainder of the proposed fill should be divided into lifts | or in- a 

% crements (preferably equal) and considered as strip loads as shown in ‘Fig. 2. 

each increment of fill its induced vertical stress distribution 
y 


— 


ri 


~ 


‘SOFT FOUNDATION DEPOSIT 


FIGURE ILLUSTRATIVE MBANKMENT BROKEN 


OR LFTs 
(AAU 


— . 

4 

consolidation curve for the example presented later in the article which 

follows from the theory of consolidation 
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October, 
patterns should be drawn in in relation to the embankment z asa 1. whole and so that increase 
all potential failure arcs are covered by the stress patterns as ; shown in — 7 bankmen 
Fig. 5. A sufficient number of copies of each increment and its induced stres of the po 
_ pattern should be made to take care of the rs of lifts of fill used and the § embankn 
__‘The per cent of consolidation and subsequent increase in effective vertical 
- stress for the foundation soil layer should be computed at different depths 4 
under each of the increments of fill. If only one height of increment is mY 
then only one set of consolidation computations is necessary. 
4% It has been stated that the shear strength r can be expressed as a function 
« of Oy the effective vertical stress. Therefore an increase in effective verti- 
cal in the soil, due to embankment loading, will cause an 
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increase in shear strength. The vertical stress at any point beneath the em- _ 
bankment depends upon the height and slope of the embankment and the ‘depth — 
of the point beneath the embankment. The imposed v ertical stress of the full } 


position beneath the embankment (see. Fig. 5). If we call increase in n shear 
— 


strength At, then at any point 


= coefficient upon value of be | Eq . (1)) 
= in effective vertical stress 


FIGURE. 4 CONSOLIDATION AS 
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If we call the initial or natural shear - strength ia any point in the foundation ial 
soil C, then the total shear strength could be expressed as the sum ofthe _ 
' a initial or natural strength and the sum of strength increases due to em- 


_ The next step is to find the time required for sufficient consolidation and 


f the second lift with 
safety. This time should include the average placing time of the first lift plus 
. waiting period. A stability analysis must be performed to determine the _ 4 


-‘The potential arc of failure. within the foundation soil should be divided into 
; equal increments because of the variation in the vertical stress beneath the f 
. slope; the gain in : shear * strength due to the lift should be plotted along these > 
a a increments of arc. The gain in shear strength is then added to the initial Pe 
if _ strength at these points along the arc to obtain the total strength. The total 
- strength increments along the arc are then summed up and compared with the 
required shear strength and a factor of safety is applied. This step may 
_ to be repeated for different assumed waiting Sans ‘the yes ig 


The same procedure must be repeated for each 


age required shear strength t to sustain a Subsequent lift. The critical failure 
a arc can be found for sufficient accuracy after two or three trials. A waiting 

_ period is assumed after placing each lift; and the gain in strength along “ei 

potential failure arc, due to each previously placed lift, is then computed. 
The gain in ‘strength 2 along the failure arc for each be plotted on a 


LIFT #2 
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separately prepared sketch to. in in Fig. 6, and ante in- 


PP (3) increase in strength with depth in the foundation soil aes, the verti- 


Sketches of each lift for each stage of filling can be drawn q ety 0 on tracing — 


be The gains in shear strength along the inchemeate of the arc for each lift | Be 


are summed up and added to the initial strength to obtain the total strength of “aes 


“Ad A plot of height of fill against time, as shown in Fig. 7, should be made dur- “a 


% ing the analysis to serve as a record of the time of placing of each lift and the 
» length of waiting period; it should also cr ween an approximate schedule for aut) 


Illustrating Procedure of Predicting Rate of Filling 
oe illustrate the foregoing procedure of predicting t the rate 2 of | filling of i ee 
bankments, an example of a hypothetical problem is presented. The ee oa 
represents a typical problem which could the design and 


soft clone silt, as shown in Fig. 8. The ea means characteristics 
the clayey silt to be as 
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October, 19590 
, = 35° as determined from triaxial tests with } pore pressure measure- — 


- strength of steaitis wal silt which increases from 2 200 psf at the top height c 
Lift #3 
f = f 
- ‘The odie is ‘to to find out how long it will take to construct the embankme 
and what the loading schedule will ‘be, 2:1 slopes 


Rye 
: one foo 
Rig. 


The first step in the was to out what height of fill the #3 in St 


the deposit to 400 psf at the bottom. 


dation soil would safely support. A factor of safety of 1.1 was assumed for 3 initial | 
a the analysis. Using Jiirgensen’s shear stress diagram|\5) for terrace loading The tot 
for the first lift, it was found that a fill of eight feet could be placed immedi- strengt 
ately. An actual r rate of filling four feet | per week w was assumed. The aah 


_ mainder of the fill was divided into increments as shown in a eee 2. ee filling, 


“for the stability of Lift #1 and #2, a total of 14 feet. By trial, it was found that) “y 

what hi 

a waiting period of 19 weeks was required for the clayey silt to build up enough ing of | 

to permit placing of Lift #2 immediately. Actually, it was assumed § 

that Lift #2 would be placed at a rate of 1.5 feet per week which would allow thet ee 
further consolidation and a somewhat factor. 

After the required shear strength was to n Lift #3 time, 

she to otal of 20 feet), it was found that a waiting period of nine weeks after Lift #2 


- Un in place was necessary to increase the shear strength to the point where bala 


0 2 3% 40 
7 HEIGHT OF FILL TIME FOR ILLUSTRATIVE 


PROBLEM FOR SAFETY FACTOR OF 


@ 
— 
ese 
a 
— 
= 
— 
= 
— 
— ‘ay 


-EMBANKMENTS 

7 


the same it was that Lift #4 (making a 
® height of 26 feet) could be placed following a waiting period of f two weeks after 

| Lift #3 was in place. Lift #4 was assumed to be placed at a rate of 1.5 feet a 


after a waiting period of two weeks, following the placing of Lift #4, it was e 
found that the final lift (Lift #5) could be safely placed. A rate of filling of — to * a 
one foot per week was assumed. 
Fig. 6 illustrates the increases in shear strength beneath Lifts #1, #2, and 4 
#3 in Step #4. These strength increases were summed together with the ee 
initial strength and are shown along the potential arc of failure for that stage. gy 
The total available strength was then compared with the required shear = 4 
‘strength and the factor of safety was computed. rage 


When the stability analyses were performed during the 1 various stages of ‘ ho = 


filling, each lift was assumed to be placed instantaneously. In actual con- __ i 


7 struction operations (except when placed as hydraulic fill), | the lifts would sali 

a be placed at once. In the example, the placing of fill was assumed to be © ‘aes 4 

- spread out over a period of time corresponding to actual construction a bh 
= . where fill is trucked in; therefore the actual 1 safety f factor would then be some- 


what higher than 1.1. "Stability calculations made immediately after the | plac- + 
ugh ing of Lifts #2 and #5: indicated safety factors of about 1.2. _ The safety a: 


In order to fi find id out what the mexiam safety factor would b be under the full 
height of the embankment after it had fully consolidated over a long period oi ; 


time, a stability analysis was performed. The safety factor at this state = 


SOFT CLAYEY SILT DEPOSIT 


“ASSUMED PROPERTIES OF ASSUMED OF CLAYEY 
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1.39. ‘This indicates that it would have been unrealistic to; aim a 
factor much greater than unity during the filling operation. pe ee A 
The vertical stress distribution beneath the slope of the full height of the. 


4 “fill , determined by summing up the influences ¢ of the various lifts along the : 


potential failure arc, was found to agree fairly closely with | the distribution — y 
beneath the slope according to Jirgenson’s terrace loading Glagram and to 
_ Osterberg’ s vertical stress distribution values for embankments. (6) Tis 
indicate that the error introduced by assuming ‘strip loading | pressure 
ee for Lifts #2 through #5 was small. ‘It appears that when the height 


— given, 1, Jiirgenson’ s terrace loading z vertical stress coefficients do not 
vary appreciably from the coefficients derived from the Osterberg chart for | 
a Fig. 7 is a plot of the height of fill against time for the example presented. 


This graph represents the culmination of the analysis and would be the basis § 


_ for scheduling filling operation. it is of interest to note tl that the waiting peri- 
_ ods following the placing « of each lift can be decreased so that the rate of filling 
can actually be increased with time. This is due to the cumulative effect of — 
as the lifts; the more lifts that are in place, the faster is the consolidation 
= process and concurrent strengthening of the foundation soils. It is believed 
a that the schedule could be deviated from somewhat without affecting the final 
‘completion date of filling. Rb A smooth dashed line is drawn through the graph 
to give an idea of what the ‘average rate « of filling n might be over various peri- 
= of time. _ Such a plan might be desirable from field construction viewpoint 
Recent work by Schiffman, 
- solidation for time-dependent loading and varying permeability, may heer 3 
“= process of determining the degree of consolidation under varying loading © 
Er _ schedules. In this paper we have dealt with a series of loads placed instan- 


q 
ull Height of Embankment 


ee the data obtained in the analysis. of the example problem, it was at- 
hy tempted to establish a a relation between pore pressure and height of em-_ 


bankment that would be useful in the field. At the states of filling whena _ 


factor of safety of 1.1 was reached before e additional ‘fill was added, the pore 
pressure beneath the full ‘embankment load was computed for 1/4, 1/2, and a 
3/4-the depth of foundation soil stratum. Below are tabulated the ‘aaa of 
‘pore pressure to of fill at the various states of fillin 
to which fill could pore pressure+ 
be raised (assuming lift weight of pote 
at 1/4 and 3/4  weig t 
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field for the case analyzed if there were piezometers installed in the foun- 

dation soil stratum under the full height of the embankment. . However, itis 
preferable to have piezometers installed beneath the slope also for stability 
calculations. Whether the general range of values obtained for the ratio of 
pore pressure to weight of fill would be applicable for other conditions or not 
is problematical. — SItis believed that avery case of filling over soft foundation — 


 ‘SItis believed that the procedure developed here can be very helpful i a 
‘dealing with embankments over soft foundation soils. There are, however, oo 

"several aspects of the problem which deserve further consideration and dis- — 
cussion. _ The most important of the assumptions made in an analysis s of this 4 
e type is that of the coefficient of consolidation cy which is determined from the — 
-consolidation-time curves. Examination of such curves for many soil types 


embankment. These values could, however, be used as a rough guide in — 


indicates that for a given sample there is generally. some scattering in the 
4 time at which primary consolidation is essentially complete. I This influences | 
the determination of c a Therefore, an average value for cy fora foundation _ 
soil stratum should be selected, if possible, from a study of consolidation test. ra 
results from various depths. Using an average value of cy isnodoubtan 
oversimplification, but at the present time th there does not ‘appear any sip Fuk : 
| The theory of consolidation is based on the assumption of a constant perme- 
< ability, although it is generally recognized that this is not the case in the con- > 
© solidation process. It is reasonable to assume that as the void ratio of a clay N 
layer subject to loading decreases during the consolidation process, acon- __ 
} current decrease in the coefficient of permeability (and coefficient of consoli- 
dation) ‘should occur. Zeevaert, (8) for example, has . presented curves showing 
a continuing decrease in permeability with a decrease in void ratioona 
sample on which a series of direct permeability | tests were performed under 0 
increased load increments; the tests were conducted with a standard consoli- fi 
dometer used as a permeameter and measurements were taken after com- Gia, a 
pletion of consolidation under each load increment. Unfortunately, h however 
there is 3 generally scattering in the cy Cy values computed from the various load ~ 
increments in many standard consolidation tests, as noted above, which makes at 
it difficult to detect any such decrease in the coefficient of permeability. The 
recent work by Schiffman (7) has treated the problem of varying permeability - 
The determination of cy f from the conv: tional semi- -log plot of time- 
consolidation readings for organic soils is difficult because of the lack of a “f 
defined break between primary and secondary consolidation. More 
“nounced breaks for « organic soils can be obtained from aad of the time- 
Consolidation data on a square root of time scale. 


“a time (as shown in Fig. 7). A resulting curve through the plot in Fig ae 
for example, might then be more > like ce a ‘Straight line e rather than than an ee. 
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ia As previously n noted, there was little. error ror introduced in vertical pressure through 
distribution beneath the embankment slope by assuming strip loading pressure § ing effe 
for the fill increments. me Swedis! 
bility a 
depths 
can be 


— The most commonly used method of accelerating consolidation of soft foun- | ~ strengt 

- dation so soils and expediting the rate of placing embankment material is by the Z - ters be 
use of ‘sand drains. ‘The problem of predicting the safe rate of filling still re- Eye ian 

Bs! ‘mains, however, despite the increased rate of strengthening of the foundation 
soil. With sand drains, the process of consolidation becomes three- 
‘dimensional instead of one-dimensional because of the added factor of radial — 

From Terzaghi, (9) the ‘average per cent of consolidation for a ‘clay i: layer that the 

can be computed from the expression: involve 
100 - U% =(1-U ra 


i ‘The Shiai of consolidation for any depth in a clay layer can be determined to ove: 


from the one-dimensional process of consolidation, (see Fig. 4) 


‘more § 
‘marsh 
lines 


- dation at a given depth in a clay layer for the three- -dimensional case where a 
sand drains are involved. Such a value can be approximated by assuming a4 
value between the per cent consolidation at the given depth due to vertical or 
one-dimensional consolidation and the average per cent consolidation U for — 
the layer due to three-dimensional consolidation with sand drains. This value § |. 
of per cent consolidation at a given depth in the clay, although admittedly | ‘simila 

crude, will still enable an approximate solution to be made for such a problem. “by the 

o The use of flatter slopes or berms, or both, will permit a somewhat faster -countr 

rate of raising an embankment having minimum slopes because the intensity — wwe 

of the shearing stresses beneath the slopes are decreased. -Thechoiceof § i rao 

whether | to use flatter slopes and/or berms is a matter of balancing the ad- oo 

- ditional cost of material against a saving in time for construction . Agiven | a * 

‘ amount of material will be more effective if used as a berm than on a flattened BH 1. Bis 
slope because a berm will act as a greater counterweight against overturning. — 


~All of t the foregoing analysis and procedures dealing with the prediction of qui 
4q 

"safe rate of raising embankments over soft foundation soils is based upon 
? i theoretical relationships, physical properties determined by laboratory tests, fades 

ce and the assumption of uniform conditions which do not always exist. “4 There- — — 
fore, a certain amount of averaging and approximating must be done. Because 
_ of this, and because of the large number of factors involved in the problem, a Ee; the 

‘a predicted rate of filling should be used as a guide and the actual safe rate ¢ of a 
fo - filling in the field must be governed by close field observations of pore er Pls Ja 
settlements, and lateral movements at the toes of the slopes. 
| _ The shear strength is a a function of the effective stresses. Therefore it iss 

to know what the effective stresses are in the » oundation soil 
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-EMBANKMENTS 


ing effective stresses will vary with depth and location beneath a slope, the me 
- Swedish Method of Slices is believed to be the best method for * analyzing sta- 
bility at any time. This requires the installation of piezometers at various eo ry 
depths | and locations beneath the embankment slopes so that the pore pressures" 
ean be determined on or near the | many potential failure planes that will de- 
velop during the course of raising the embankment. The variation in shear an 
strength beneath the embankment in Fig. 6 demonstrates the need for piezom 
ters beneath the slope. It is not enough, for a rigorous analysis, to have — 
-piezometers installed only below the top and bottom of the slope. 
During periodic observations of piezometer readings, field personnel 


should be on the alert for unexpected increases in pore pressures which may _ 
be an indication of incipient failure, 
Ng Stability analyses should be performed periodically during construction so 
- that the desired safety factor against slide failures can be maintained. ‘This 
involves a good deal of repetitious calculations, but it is believed to be the — 
_ only rational method of accurately controlling the stability and rate of . : 
of 2 an embankment. The rate of filling on many sand-drain projects in the ne 


has been apparently governed by pore pressure vs. height-of-fill relationships | 
which appear to have little scientific basis and are believed to be simply rule-— 
of: of-thumb ) methods based on experience and judgment. - Such m methods can lead © 

_ A double-tube type of piezometer is believed to be preferable to the older, 
_ more generally us used single-tube type, particularly in organic deposits wher : 

_ marsh gases may ry be present. _ A double-tube type of piezometer has two 
_ lines leading to the piezometer tip, thus permitting flushing out of accumula 
ed gas bubbles from the entire e system. _ Gases or voids in the piezometer — 

system cause time lags in pore-pressure readings. Double-tube types of 
piezometers were originally designed and used by the Bureau of Reclamation; 
similar double-tube types have subsequently been installed in British projects _ 
by the British Research Station and in recent sand-drain projects in this oe 
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MAJOR POWER STATION FOUNDATION IN BROKEN LIMESTONE* 


F. Swiger,! | F. ASCE and H. M. 


we 
of surrounded by rubble in of varying 
consistency require detailed examination at each building column and 
equipment foundation to to an 1 type of for each foun- 
dation for a steam power plant. _ 
‘That surface appearances can be deceiving has long been accepted as i. = 
truism of foundation engineering. The site of the Will County Station of the = 
> Commonwealth Edison Company, however, went well beyond mere deception. i 
i ar The station is located about 30 miles southwest of the center of Chicago on 
a narrow strip of river-bottom land between the Des Plaines River andthe _ a 
Chicago Drainage Canal. The river at this location cuts on a hard | crystalline ¥ 
limestone of Silurian age. Rock is visible in the river, which is very shallow, — 
as surface exposures in the site and along the edges of the drainage canal. a. " 
Despite these apparently ideal conditions, it was found necessary to use a 
_ thick mat of reinforced concrete for the first two units. Conditions under aa 


‘Unit 3, which is of 275,000 kw capacity, were so poor that even this type foun- 
“dation was found unsatisfactory and a radically different design was developed. 


- Foundation conditions for Units 1 and 2 were investigated by numerous core 
_ borings which showed that while rock in most of the area was very close to a a 

n 


‘shattered areas of unsound Tock were erratic in size, locatio 
‘The design adopted for Units 1 and 2 was a mat, or raft type foundation, — ‘a 
having sufficient strength to | eard n the areas of questionable rock, carrying - lle 
Note: Discussion open until March 1, 1960. To extend the closing date one ‘month, a = 9 
ai written request must be filed with the Executive Secretary, ASCE. Paper 2215 is 
part of the copyrighted Journal of the Soil Mechanics and Foundations Division, ake 
of the American Society of Civil Engineers, Vol. 85,No.SM5, 
ia 5 “fe _ Presented at the October 1958 ASCE Convention in New York, N. =. ; 
Cons. Engr. , Stone & Webster Eng. Corp., Boston, Mass. 
Structural Stone & Webster Eng. Corp., Boston, Mass. 
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: ‘superimposed loads mil mead rock. For these two units, the areas of hel 
= rock were limited, not excessively wide and many of the heaviest loads » oor 
came on areas of relatively sound rock. Bedr 


Construction r records and photographs for Units 1 and 2, and for the dis- mation | 
¥ charge tunnel which passes through the area occupied by Unit 3, together with § chert in 


examination of rock exposure along the drainage canal, indicated that the rock my ‘At th 
structure under Unit 3 is significantly worse than for Units 1 and 2. rs parentl 
___ _It was decided, in order to make an acceptably accurate analysis of foun- a river 
: dation conditions, it ‘would be necessary to develop a clear understanding of © hundrec 


- the geological history and conditions which caused the peculiar formation — ing tows 


underlying the station; of the I 


= Review of the available core boring data indicated that an adequate analysis crossec 

could not be based on a series of borings located only from surface exposures. ft or mi 
Accordingly, it was decided to strip the limited overburden from the area of small a 
the power station. permitted detailed examination and “mapping asa trated 
basis for later studies. Areas of soun ‘Dari 
and mapped in detail as were areas of displaced rock, cavernous or eroded by cont 
areas and areas of broken rock. probabl 
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of mile 
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chert inclusions. Colors range from light gray to pink. BL eemeter 
_ At the beginning of Pleistocene Time ground surface in the area was ap- 
parently § ‘somewhat t higher t than at present. Probably the area was drained a 


hundred feet in depth. Solution along joint systems from ground waters mov- 

ing toward the river extended deeply into the limestone. Thus, at the ae 
of the Ice Age, Pleistocene Time, the surface of the limestone was criss- a 

} crossed by a system of open solution joints and caverns so that the upper 150. 

.© ftor more of limestone was essentially a system of individual pinnacles = 
small areal extent. condition at that was as illus- 


* continental ice which advanced to a point several hundred miles south and 
probably had a maximum thickness over the site of several thousand feet. _ 
This tremendous weight and the drag it exerted upon the soil crushed the a 
pinnacles ; and cavern roofs into the openings between and under them, —— 
these openings with a mass of broken limestone and clay. - During Late _~ 
Wisconsin Time, the most recent glacial period, the Lake Michigan lobe hesi- 
tated in its retreat or readvanced to a position slightly south | of the present | i 
‘shore of Lake Michigan, c creating a large moraine which extends for a number — : 
of miles parallel to the lake shore. Drainage from this lobe was primarily _ | 
ines F y thousands of years must have 
been a raging torrent. “This prehistoric river stripped the area of the site — 
| bare to bedrock except for an occasional thin mantle of slabby alluvials. It 
extensively | eroded | along joints: and areas: of | broken rock eee pinnacles 
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s, the underground of the site is comprise d 

ne extending nearly to the lof a series of pinnacles of = Po eee 

ground surface. These are s 

agg 


‘ward crushed limestone blocks in a matrix of clay of varying consistencies. ‘ of conce! 
/ Some of the clay was preconsolidated to hardpan by the weight of the glacier. knowledg 
At other locations the clays are recent deposits of the Des Plaines River, _ were cor 
some of which are above the liquid limit in moisture and very soft in con- hi in place 
7 sistency. ‘Fig. 3, a photograph of the wall of the excavation for the discharge cated the 
tunnel within Unit 3, shows the ‘conditions found with pinnacles of sound rock — 60 deg e: 
_in place surrounded by areas of crushed and disturbed materials. The so- | two bori 
lution channels are of varying depths and widths. The deepest extends to the J located ¢ 
Maquoketa Shale which, being insoluble, limits the depth of solution. The top ‘column, 
of shale lies about 130 ft below present ground surface. = ~~ wot and unde 
_ The solution channels and the later river erosion generally eiewes the | more fay 


‘systems. The dominant joint systems runs north about 60 deg east, with shown ot 


secondary systems running north 45 deg west, north and nearly due east. were rel 

7h Detailed geological mapping, to locate all areas of displaced material and § ft wide b 

. A sound rock in place at the surface, indicated that the most serious conditions broken r 

, were in the boiler room. This was especially critical because the largest _ most tot 

yi loads in a steam power station occur in the boiler room, ware individual § Condi 
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of concentrated station load conditions, would have contributed little to the _ :-! 
knowledge of conditions in the area as it affected foundation design. Borings -_ 
were considered necessary, however, to determine depth to sound material 
in place and to check for undercutting of pinnacles. Surface examination ff ~ 
cated the dominant solution channels in the boiler room lay along the north — x 
60 deg east joint system. _ It was decided to core bore at each column, using ~ = 
two borings straddling the more heavily loaded columns. These borings ll 
located on a line trending north 30 deg west at a point 5 ft either side of each © . 
column, since this offered the maximum probability of finding zones of erosion | oi 
and undercutting. For lighter loads, or where surface examination indicated 
more favorable conditions, a single boring was used. Boring locations are ¥ 
shown on Fig. 4. The pinnacles of sound rock found in the boiler room area — 
were relatively ‘small with areas of broken displaced material as much as 55 a 
ft wide between. Many of the heavy boiler column loads came over areas of 
broken rock and support on n rock ik along the east wall, column line F', was al-_ 
a Condit ions appeared much better in the turbine room. in Areas of solutionor _ 
of displaced material were relatively small except along the easterly edge. wn 
_ The discharge tunnel which was constructed with Units 1 and 2 was provid- 

ed with shear keys and stub steel at its top so the walls could be built up to _ 
a of beams 25 ft in depth. These walls which were 
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boiler room to dis distribute ‘column to the areas of 


— mum of 
‘nature, ‘unit load under - - footings placed near the surface was limited to 15 tons Base 


_ Deep massive rock at the base of caissons was considered d capable c of safel frequent 


The tremendous masses of broken rock and boulders which blocked the so- ows in 


: lution channels would pres geal prevented driving of piles of any ordi- after wi 
‘nary type to bearing on sound rock 
Accordingly, other methods of founding were ere considered. The The following B teris 7 
erial, i 
special 
bottom 
final ins 

each 
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A system of deep caissons carried ‘the unsound materials t 


‘sound rock below in areas of broken rock and where 
pocket « 


portion 


__ rock throughout the extension and pouring mass concrete to form unreigg CTOsion 
a forced arches between the areas of dependable rock. Such a design © 1 oe 
of the tu 


_ proved impractical because the arches along the edge of the existing eeloreel 
showe 


the are: 


be boiler room mat could not be carried far enough north to reach a sound 
rock support. Moreover, estimates indicated that even if such a design 


the turb 
ere f l f 


ee Estimates for these various types of foundations indicated that a caisson [ditions 

- and spread footing foundation, Scheme 3, would be the most economical and turbine 
‘Based u upon the information obtained from the core boring | program, the proved 
z design adopted consisted of 15 caissons together with heavy girders to Mand sou 

: pick up certain intermediate lightly loaded columns. — _ It was possible to found bution o 

several columns on footings directly on the r rock \ where pinnacles \ were fortu- sists of 


“nately situated and adequate in extent. serve a 
- Construction of the caissons was subcontracted on open competitive biddi f At th 


- allowing their construction either as open type | caissons using lagging to hold west di: 
_ unsound materials, or as Drilled-In Caissons constructed in accordance with sign wa 
the procedures and techniques patented by the ° Drilled- In Caisson Corporatic cellane 
Work was let on the low bid for open type | caissons, although there was con- dation | 
_ siderable concern about controlling ground water during construction = his the wei; 


‘type of caisson. Fortunately, this did did not prove to be tun 
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: POWER ER STATION 

Line Caissons vary in size 3 1 ft 1 ft diam, being proportioned to. carry 
imposed upon them. They are reinforced throughout their length 
_ B filled with high- strength concrete. Bottoms were belled as necessary to meet 
IMB the design bearing value of 40 tons per sq ft. They vary in depth from a ‘mini-— : 
ole mum of 59 ft to a maximum of 132 ft. 
‘ons _ Based upon the core borings made at each caisson, a tentative founding ele- ? 
_ Byation was established for each. As the work progressed, each caisson was 
afely frequently inspected. Before it was released for concreting, a detailed in- 
_ Bspection was made by the Engineers and additional core borings were made : at 
 Bthe bottom of each caisson at the locations selected by them, to verify and 
Concreting caissons in the dry was impossible because of the large seepage 

| oll flows into them. Accordingly, each caisson was flooded to ‘static water oe 
di- after which the concrete was placed using tremie methods. - Several of the | 


7 caissons were carried into the Maquoketa Shale which is a thinly bedded hard _— 


gray shale. * While firm and compact i in place ; and an excellent founding n ma-— S 
terial, it deteriorates at the surface when exposed to the air. — Therefore a 
} } special instructions were given that for all caissons carried to the shale, the 

bottom and sides where in the shale were to be cleaned down again following © 
but final inspection, and the caissons filled with water. 


d di static water level. 


in- -¢: 


e 
pocket extending in a generally east to west direction through the 
le portion of the turbine mat location. extended from the areaof severe 


reifl merosion lying along the discharge tunnel to a point westerly, beyond the end of 
1 - mthe turbine foundation. A large block which occupied nearly w the e entire area 
‘ q Hof the turbine mat was initially thought to be in position but later examination me 
iB show ed it to be a cavern roof block which had been pushed downward. Since — 

sigh ithe area was to be excavated to considerable depth for the tunnels underlying | 
_  @@the turbine support, it was decided not to make any deep explorations until 
- the excavation had been made. After the excavation was completed, the con- __ 
On Bditions of the rock are as represented on Fig. 5. Extensive portions of the Le a 
nd turbine mat area: were underlain by clay at founding elevation. . By the ex- Aa ; 
E tensive use of boring with star drills to a depth of approximately 28 ft, it was + 
_ (proved that there was a sufficient amount of sound rock along both the socth 
} to Mand south sides of the turbine foundation to support the structure. % The distri- = 
ound bution of this rock dictated the design of the foundation which essentially con- ar 
>rtu- sists of three deep girders spanning from north to south. These girders — Pe 
also as walls for the circulating water tunnels. 
iddingy _ At the floor of the tunnel the load was further distributed in 1 an east _ “ay 
hold [west direction to reduce unit loading as much as practical and when the mo 
with sign was completed with the turbine, condense, | generator, and other mis- . 
ration cellaneous equipment installed, the total weight placed on the area at the foun- 
on- dation level averaged only about 5,000 psf, which was only slightly more than oad 


th thisithe weight of the rock removed during excavation for the turbine foundation © 
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Foundation conditions at the boiler feed pump area were poor so that it was ; 4 
found necessary to install a mat which spans from sound rock on one end to es a 
the circulating water tunnel at the other, to support these pumps. This mat 
also supports several of the turbine room stub columns. 
3 Star drill holes for exploring rock were extensively used for wall and other—f across t 
footings in the turbine room. This proved the desirability of using continuous 
_ footings along the the west wall of the turbine room to span over small ravines” 3 adjacent 
uncercut areas. In general, the bearing load on the of explorat 
excavati 


Ground Floor Slab 
‘The ground floor ‘slab: was Supported upon | a of crusher run rock grad-_ 
: “ing from amet to about 3/4 in. size. This material was placed and compacted 
= . thin lifts. Ten-ton rollers were used for ‘compaction, except in restricted 
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Bx. The | concrete enemy, which extends to a height of 450 ft above ground Ps 
grade, was originally planned to be placed upon an octagonal mat about 48 a 
across the flats. The rock at the surface in this area was fairly sound but Rie 

was necessary to remove it to appreciable depth because of excavation for the _ 
adjacent screen well and for circulating water piping. It was decided to do ne 
exploration work until the deep excavation had been completed. When this ae a 
excavation was completed to the depth required, limited clay areas were dis- P 
closed. The size and direction of these clay pockets are represented on | > = 
Fig. 6, and, after exploration with star drills, the location of sound rock was 
such has to dictate the use square mat to span 
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tld Foundation conditions in laaicaatais well were generally | good. . There were 

a few pockets of broken rock and clay at the founding grade, but these were 

easily spanned by the slab forming the bottom of the screen well and m4 
special precautions or provisions were necessary. 


_ In ine of the discouraging conditions found under the site, a safe and eco- 
> 
. 1 nomical foundation was developed by use of caissons to sound rock where res] 
quired and of concrete footings and mats in localized areas where sufficient — 
rock in the most economical manner required very detailed ‘study on almost 


column by column 


Unit No. 3, of 275,000 kw capacity, was by & Webster Engi- 
- neering Corporation of Boston with Dr. Ralph B. Peck serving as consultant oe Lae 
and effec 
_ in the foundation investigations and studies. Construction was under the © lationshi 

eo supervision of the Construction Division of Commonwealth Edison 


clays 
Company of Chicago, assisted by continuous by members of 


Stone & Webster Engineering Corporation. strength 
_ _ Units 1 and 2, of 150,000 kw capacity each, were designed by Sargent ant eo 
Lundy of Chicago, with Dr. George H. Otto as —— ee and an 
Peck as cons 
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‘soll. ou NDAT IONS DIV ISION 


Pro 


Seed, M. ASCE and C. K. Chan,? A. M. ASCE 


| The influence of soil structure | on ‘swell- -pressures, 

stress-deformation characteristics, -undrained strength, pore-water pressures 

Hand effective strength characteristics is described and examples of the re- a 
lationships between composition and the ‘as- s-compacted’ | strength of compacted 
clays are presented. ‘The influence of shear strain on soil structure is demon- 


strated and used to explain the effect of various methods of compaction on soil - 


' Convincing evidence of the type of structure seamed in compacted clays ee: 


and the influence of structure on soil properties has been presented in recent 1 
papers by T. W. Lambe.(1,2) Asa consequence of this development, ee ian 
previous observations relating to the strength characteristics of compacted “. 
clays, which formerly appeared to be isolated pieces of information, may a 
be fitted into a consistent pattern and used to predict the probable as of y 
the various types of compacted clays under different loading conditions. _ tera 
Furthermore, the concepts advanced by Lambe can readily be extended and anal 
modified to explain the influence of method of compaction on soil structure _ _ 
sand strength, and the significance of molding water content as a factor de- _ : 
termining the strength characteristics of compacted clays. In the following =] 
pages an attempt is made to demonstrate and explain the si ignificance of these a 
various factors in relation to the strength of clays in the “as compacted” con- 
dition. In a companion paper the same concepts are utilized to vide an : 
p paper pro al 
explanation of the strength characteristics of { compacted clays: which ich have 


— 


been soaked to saturation after compaction. t ba. 
Note: “Discussion open until March 1, 1960. _ Separate discussions should be submitted __ 
- for the individual papers in this symposium. To extend the closing date one month, bis 
_ a written request must be filed with the Executive Secretary, ASCE. Paper 2216 is : 
_ part of the copyrighted Journal of the Soil Mechanics Division, Proceedings of the oi is 
Sa Society of Civil Engineers, Vol. 85, No. SM 5, October, 1959. 
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‘The arrangement of the clay particles in a ‘compacted soil, as ori Spears 
- conceived by Lambe, (1) is illustrated in Fig. 
ment at different stages of the density-water content relationship are ex- 
Rieke as follows: : At point A the small amount of water present results in a 


‘on surrounding each clay particle from developing fully. , The double tual 
depression leads to low inter-particle ‘repulsion, resulting ina a tendency to- 
_ wards flocculation of the colloids and a consequent low degree > of clay particle 

- orientation in the compacted soil. This type of structure has been termed a 

_ “flocculated” arrangement of soil particles. If the water content is increased 


to point B, the vm: concentration is reduced, resulting in an exp expansion 


termed a Thus, in general it 1 may be stated that 
paction of a clay soil “dry of optimum” tends to produce a flocculated ar- =, 
rangement of particles, while compaction of the same soil * “wet | of ved a 
tends to produce a dispersed arrangement of particles. Sis . 

Evidence in support of this concept, obtained by Pacey!) 
techniques developed by Mitchell, (4) is shown in Fig. 1(b), and similar ‘data 
obtained from compacted samples of kaolin clay is presented in Fig. § it al 
should be noted that the samples on which these observations were made were 
compacted by kneading in the Harvard miniature compaction apparatus(5) and 
that there is no direct confirmation of the above hypothesis for samples pre- 
pared by other methods of compaction. It should also be noted that the changes 
in structure described above are not likely to develop in all compacted clays. 
It is not difficult to visualize that in some soils the tendency of the particles 

~ to flocculate will be so great that the small changes in water content in going 
from dry to wet of optimum will not produce any significant change in the de- 
_ gree of flocculation of the compacted samples. _ And again, some soils may | 7 
tend to disperse at water contents dry of optimum, in which case oan will 
remain dispersed at water contents above e optimum. tice é 


: _eatioenae in structure resulting from compaction can have ave a pronounced 

fect on the engineering properties of a soil (see Lambe, reference 2). Since 

these effects can be used as indicators of structure, a brief description of « 


2 influence on some of the more easily measured soil properties is pre- 


a a sented below. It should be noted that all the data presented in this section a 
. a obtained from samples prepared by kneading < and impact compaction a 
methods, which are quite similar in their effects and for which test data “1 

substantiate | the changes previously d 


; ‘It was observed by ‘Lambe(1) tt that ‘samples « compacted dry of optimum shri 
appreciably less of ‘optimum, a fact which 
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PARTICLE ORIENTATION AND AXIAL SHRINKAGE 
COMPACTED SAMPLES OF KAOLINITE. ‘wine 


the suggestion that might possibly asa a measure re of particle 


It will be seen that both the degree of particle orientation and the axial shrink- 
age increase as the water content at compaction increases. Fig. 3(a) atl 
sents similar data showing the relationship between compacted condition and | 
axial shrinkage for samplesofasiltyclay, 
Unfortunately the influence of structure alone on shrinkage is not made ap- 
parent by data of this type since samples of equal densities compacted wet 
and dry of optimum have both different structures and different water contents. 
However, this effect can readily be clarified by allowing the compacted we 
‘samples to soak at constant volume before measuring shrinkage. Inthis way _ 
two samples can be brought to the same final condition of density and water 
content but with different structures, thus enabling the influence of structure 
on shrinkage to be readily determined. 4 The results of tests of this type are 
shown in Fig. 3(b). It will be seen that samples compacted dry of optimum 
| (and therefore having essentially flocculated structures) « exhibited considerably 
» less shrinkage than samples of the same - composition compacted wet of opti- 
mum. In fact, reference to Fig. 3(a) indicates that soaking at constant volume, 


at least for this soil, has oe very little influence on n the shrinkage of 
compacted specimens. 


Influence of Structure on Swelling 


There is also a considerable amount of indicate that 
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_ to higher water contents than do samples of the same density compacted v wet 
Ai of optimum. _ Thus the increased swell might be interpreted as a manifestatio; 


of the ere swelling tendency of flocculated structures than of a 


pacted at different water contents. Some of the water which enters a compact 
= specimen during swelling : is is required simply to fill the voids and bring the 


- ing the swelling process. ‘Thus samples compacted wet and dry of optimum 
- (and having different structures) will show different increases in water conte 
due to both of these effects. In Fig. | 4 the total increase in water content dur- 
, ing swelling has been separated into that water content increase required to 
cause saturation and that due to swelling after the saturated condition has bee 
attained. The marked increase in swelling tendencies of dry side 
samples (and presumably, therefore, of flocculated structures) is readily 
Influence of Structure on Swell Pressure 


Oe _ Since soil structure appears to be a factor influencing the swelling charac; 


: _ teristics of soils, it might also be expected to have a significant influence on 
the swell pressure exerted by compacted clay. That this is in fact the case is 
: "illustrated by the test data in Fig. 5. Compacted samples confined at approxi 
| mately constant volume by means of the ‘compaction molds and pistons on 
_ their upper surfaces were given access to water and the swell pressures ex- 
erted on the pistons were recorded. Samples compacted dry of optimum ery 
_ (tending to have more flocculated structures) exhibited greater swell kage 
_ pressures than samples of the same final composition a wet of opti- 
7 mum (tending t to have more dispersed structures). “aoa te 
of Structure on Stress- Characteristics 
‘Finally, the structure of a a compacted clay ca can have a i einen, effect on the 


_ stress vs. deformation characteristics of a soil determined in undrained te 

Evidence of this for samples | tested in the “as- compacted” ¢ condition is shown 
in Fig. 6 which presents test data for ‘samples of kaolinite ‘compacted at vari- 
ous water contents using the same compactive effort. ‘It will be seen that as 


the degree. of particle orientation; associated with the changes in 1 structure 
-, _ there is also a progressive change in the form of the stress-strain relation- 
im se for the samples determined by unconsolidated-undrained triaxial com- 
tests. The more flocculated samples have much steeper stress- 

_ strain curves and develop their maximum strengths at low strains; the more 
7 _ dispersed samples have much fl flatter stress-strain curves and continue to ‘ 


increase in strength even at very high strains. ak 


; a “ei Unfortunately, data of this type are influenced by. changes in the dry densi 


here again 1 the influence o of structure alone can readily be determined 
4 by tests on samples soaked at constant volume after compaction to the same 
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SM COMPACTED CLAYS 97 
r Two specimens were compacted to the same density, one dry of optimum, — 


| to produce a flocculated structure, and one wet of optimum to produce amore 
| dispersed structure. Both samples were then soaked at constant volume for 
6 days, at which time t the samples had attained the same density and water 1-7 
| content, close to saturation, but had retained their original structures. The 
| stress- -deformation relationships of the samples in undrained triaxial com- _ 
} pression tests were then determined as’ shown in the upper part of Fig. 7. It a 
| will be seen that the different structures again produced markedly ‘different 7 
stress-strain relationships. It would appear from these data that the more | 
flocculated structures produce : an initially steep stress-strain curve v with only i 
a slight increase in stress being developed after about 5 per cent strain; how- — 
ever, the more dispersed structures result in a much flatter curve witha | 
consistent increase in resistance to deformation up to Strains as high as 25 
per cent. The influence of structure on the strain developed a at a a given pro: ro- 
Influence of Structure on Undrained Strength 
_ The question must now be considered—what is the effect of structure on the” 
strength of compacted clays? Before this itis 
necessary to define what is meant by the term “strength”. “In recent years the 
development of equipment and techniques for measuring the pore water | cae - 
pressures induced in soils has led to an increasing tendency to express soil 
strength characteristics in terms of effective stresses, and some engineers _ Y 
|consider any strength determination, without suitable corrections for the 
influence of the pore water pressures, as ofr relatively li little value. On the oa 
i} other hand, if strength is ; considered to be the maximum stress which a ma- = on 


terial, in its existing condition, can withstand, then the pore water pressures 
induced during loading become a characteristic of the initial condition of the 
material and the strength of a a soil can be determined directly by an undrained P| ; 
The results of such tests on two specimens of silty clay having the same aii 


density and water content but different structures are shown in Fig. 7. It will _ 
be seen that both specimens, although having quite different structures and me 
stress- ‘strain relationships, reached about the same ultimate strength at about 
25 per cent strain. _ Thus, it might be claimed that structure has practically — a | 
no influence on soil ‘strength in undrained tests. On the other hand, this con- 
j clusion would be quite erroneous if the strengths of the samples were com- 
pared at some limiting strain, say 10 per cent, at which stage the at dis- . 
persed structure is appreciably weaker than the flocculated structure. 
nas _ ‘The influence of structure on the undrained strength of soils thus depends | 
ion the deformation criterion adopted as a basis for strength determination. In a 
;compression tests on specimens having plastic type stress-strain character- “aa 
bistics the strength is is often taken as the stress causing about 20 per cent — 
p Strain. — On the other hand, in ‘pavement design tests the strength index of ; a 
soil is usually determined at low strains of the order of 5 per cent. Thus, 
engineers concerned with pavement design problems are likely to conclude, i z 
from the data presented in Fig. 7 or similar data obtained in pavement design 1 
tests, that structure has a pronounced influence on the strength of compacted . in 
sils, with dispersed arrangements producing much lower strengths sthan 3 
flocculated arrangements. - On the other hand, engineers ‘concerned with t test- 
ing soil for foundation studies or earth dam design ar and tiie iiss 
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its 
maximum phere at that point, : are likely to conclude that structure has ea i 


little or no influence on soil strength. These apparently conflicting conclusion 
can readily be reconciled by a consideration of the influence of structure on § 


the entire stress-strain relationship for a compacted clay. 


‘The significance of pore- -water pressure as a factor affecting the 
characteristics of soils has long been ‘recognized. Since the structure of a 
a compacted clay can apparently have a large effect on the stress-strain charat 
teristics determined by undrained compression tests, it becomes pertinent to 
determine whether the different resistances to y deformation exhibited by speci: 
bie _ mens having different structures are due primarily to differences in the pore- 
- F water pressures developed i in the samples or to some inherent characteristic 
_ Consideration of the particle arrangements in dispersed and flocculated 
structures would indicate that the braced-box type of arrangement of particles 
: in the flocculated system would be more resistant to . applied pressures than 
the parallel particle system of a dispersed structure and consequently would 
— tend to prevent pore-water pressures developing in this type of structure to. 
the same extent that they would develop in a dispersed structure. rn 
_ Experimental evidence of this type of behavior is provided by the test data 


Influence of Structure on Pore-Water Pressures 


in Fig. 8 which shows the stress-deformation relationships and pore-water | 


the same density and water content but different structures, as indicated by 
the forms of their stress- deformation curves. It is apparent that during the 


 pressepen developed during undrained tests on samples of silty clay a 


= wet of optimum (dispersed aeaiieaba are e considerably greater a 
than those in the sample compacted dry of optimum (flocculated structure) — 


“type of behavior has been observed ina number of tests and appears ‘to be 
generally characteristic of the influence of structure on pore-water pressure 
‘However, it is | interesting to note that at high strains, both samples in Fig. 8 


xhibited approximately -" same pore- -water pressures and approximately 
Influence of Structure on au Strength bieeneaennenien in Terms of Effective 


— 


_ Finally there remains to be clarified the influence of soil structure on " 
strength characteristics of compacted clays. Realistic evaluation of soil — 
_ strength characteristics (as distinct from soil strength) can only be made 'd in 
_ terms of the effective stresses acting on a ‘Sample at failure. Such stresses 
can readily be evaluated for the two specimens, having different structures, 


of for which test data is presented in Fig. 8. By subtracting the measured pore} 


water pressures from the applied stresses the effective > or inter- granular — 


_ stresses acting on the e specimens throughout the tests can be determined; andy 


the ratio of the effective major principal stress to the effective minor princi- 


stress with increasing strain can t then of the 
strength mobilizing characteristics of each specimen. 
a The values of this ratio throughout the tests on the two specimens having 


di fferent ‘structures and aS CNS quite diffe different stress-strain curves in : 
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undrained tests are also shown in ‘Fig. 8. 5 it will be seen that when the = 
characteristics are evaluated in terms of ‘effective stresses in this way eed 


two specimens exhibited almost identical properties. Thus it would 
_ that structure has no influence on the strength characteristics of this soil ex i Bes. 
pressed in terms of effective stresses and with Gee ne made for the ye 
Similar data for tests on kaolinite clay a are in Fig. 9. Here 
again two specimens having the same composition in terms of density and ie 
water content but with different structures (see Fig. 2) exhibited quite differ- > 
ent stress- strain relationships when loaded to failure in undrained tests. ‘tay } i. 
However, the two specimens also show different pore pressures during the f _@ 
_tests and if the ‘strength: characteristics are expressed in te terms of the ef-— % 7 
fective stresses the rates of mobilization of strength with strain in the two - = 
specimens are for all practical purposes the same. 
‘Thus, although the soil structure | has a large influence on the pore- water 
| pressures developed in these compacted clays, it apparently has little or no »  « 
j -.. ffect on the strength characteristics (in terms of effective stresses) of the en. 
Clay itself. Since the two clays utilized in these tests exhibited quite pro- 
- Romeed changes in 1 structure, it seems reasonable to conclude, at least tenta- ff 
_ tively, that this is a general characteristic of soil structure. It would neces= ~ 
_ sarily follow that the influence of soil structure on strength is limited to its §/ 7 
influence on n pore-water p pressures ;—and thus strength variations due to differ- . 


2 ences in structure can be explained equally satisfactorily in terms of corre- | 


_Sponding differences in pore- water pressures. 
Gan For example, it might simply | be stated that the two specimens for | which 


strength data is presented in Fig. 8 exhibited different stress-strain relation- 
ships simply because of the different pore-water pressures developed in the - 
specimens during loading. It would | be equally correct to. ‘state that the speci- 
mens exhibited different stress-strain relationships because of differences in 


_ soil structure (since this in turn determines the pore-water pressures). In — 
effect both Statements say the ‘Same thing. While the explanation in terms of 
ee: structure is probably the more fundamental, it suffers from the severe 
- disadvantage that structure cannot be measured directly and therefore its — q 
influences: can only be evaluated | qualitatively. On the other hand, although . 
pore water | pressure might be ‘regarded as a somewhat less fundamental soil 
characteristic it can, if necessary, be measured with a reasonable degree of i 
accuracy, thus enabling qu: en on of different specimen c charac- 
Between Dry Density, Content and Undrained 
Kneading Compaction 
_ One of the important considerations in compacting ~ to produce maxi- 
mum strength in the resulting earth structure is the relationship between ary 
. density, water content and strength of the soil in the “as-compacted” con- 
; - dition. Here again conflicting opinions are prevalent. Laboratory and field | 
| va have been presented to show that an increase in dry density at a given | 
= _ water content may produce a d decrease in strength. . On the other hand, many 
engineers insist that this is not so ) and that increased density must inevitably | 
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stress- -strain relationships of soils in undrained tests « can readily 


throw some light on this controversial point. Woy 
- Consider, for example, the density - strength- -water content relationship for 
3 the silty clay (Liquid Limit = 37, Plastic Limit = 23 per cent finer than . as.) f 
mm. = 24) shown in Fig. 10. This relationship is determined by compacting 
_ series of samples at different water contents using three different compactive 
efforts. For each compacted sample the dry density, water content and eae 
drained strength are determined and the results plotted as shown on the left 
i . Fig. 10. In the tests the entire stress-strain relationship was recorded for 


each sample and the ‘strength’ determined both as the stress requiredto _ 

cause 5 per cent strain and the stress required to cause 20 per cent strain. 

It should be noted that these ‘strengths’ are not simply the points on the om 

‘ stress-strain curve corresponding to 5 and 20 per cent strains but will often 
a be the maximum deviator stress which the sample can sustain if this stress 
: to be exceeded before the ‘necessary strain | can be developed. 


; constant values of water content can readily be determined. Thus at any given 
water content three corresponding pairs of strength and density values can be 
. interpolated from the curves and plotted as shown on the — of Fig. 10. 
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a. It will be seen that when the ‘strength’ is determined at low s strains, say ee 
i) per cent, there is a marked decrease in strength as the density is increased 
beyond a certain stage. 7 Reference to the compaction curves shows that these 4 
| reductions in strength are developed at densities and water contents corre- | 7 ‘ 
‘sponding to high degrees of saturation or to compacted conditions which re i 
active “wet of optimum” on a compaction curve.(7,8) Thus the strength reductions 
a 7 would appear to be associated with the more dispersed structures (and eerse- 
left 7 spondingly higher pore-water pressures) of samples compacted wet of opti- — : 
mum. These data might therefore be interpreted as indicating that as long as 
structure remains essentially the same, strength will increase with density 
_ (the first parts of the curves on the right of Fig. 10) but when marked changes 
in ‘structure are also’ incorporated in the data, the strength at low strains mney : 


ess "predominating influence ‘of the — pore-water pressures associated with | 
arious However, if strength is determined at wate strains, samples of this soil a 
r given "having the same composition exhibit approximately equal strengths whether 
the structure is flocculated or dispersed (see Figs. 7 and 8). Consequently, — 
- soil behaves from a strength point of view as if the structures ofall 
kg samples were the same, and the relationship between dry density and strength 


hy for: a given molding water content shows no decrease in strength with increase - 

"Ts the relationship between strength, density and water content may | 
greatly depending on the manner in which the strength is determined, and this 

iL in turn will depend on the purpose for which the relationship is being used. 

sit should be noted that the above considerations do not apply in their a 
a to all compacted clays. ‘For some soils the inter- -particle forces may be , 
strong that the changes resulting from compaction at various water contents a. 
are insufficient to influence appreciably the tendency of the particles to floccu- . 
late (or disperse). 
have essentially similar ‘structures. Again, it is s also. possible that in n some 
soils the structures of the clay fraction of samples compacted wet of optimum — 
are considerably more dispersed than those of samples compacted dry — — ' 


optimum, but the influence of the difference in structure is masked by | other 
factors (such as a high proportion of granular particles) which produce a a o 
_ steep stress- -strain relationship in spite of the dispersed particle arrangement © 
in the clay fraction; in other words, although the clay ina sample hasadis- _ 
_ persed structure, the sample may behave from a stress- strain point of ail 
almost as if it were f flocculated. A typical example of this type of behavior is fr 
"provided by the stress-strain relationships for a sandy clay soil (Liquid if me 
Limit = 35, Plastic Limit = 19 per cent finer than mm. =24)from 
Pittsburg, California, shown in Fig. 11. For this soil, samples compacted 
and dry of optimum and then soaked at constant volume to the same final Sa oan) 
composition show only minor differences in the form of {their stress- f re 
aa In either of the cases mentioned above the ‘significance of structure as a 
factor inducing variations in abet osee pressures and ‘soil strength will be 


very low. 

_ | high strains structure would have almost no effect on the results and, a : 
— constant water content, an increase in density would always result in increase % 
in strength. "Similarly, for ‘strength’ values determined at low : strains, the 


minor changes in structure or in stress-strain characteristics would have Ng i 
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‘only a slight effect on the strength values of samples and thus, at a constant 
value of water content there is not likely to be more than a slight reduction in 
strength with increase in density for samples compacted wet of optimum ere ; 
"> Furthermore, since all samples in these types of soil would behave as if iD “5 
‘they had more or less flocculated structures, the stress required to cause5 
per cent strain would be only slightly less than the maximum strength and the 
relationships between density, water content and strength would be quite simi- 
lar whether strength were determined at high or low 5. Et hee 
; _ Typical examples of soils exhibiting this type of relationship between densi- — 
ty, water content and strength are shown in Fig. 12(a) for the sandy clay sc soil 
“and in Fig. 12(b) for a highly plastic clay (Liquid Limit = 59, Plastic 
i Limit = 27, per cent finer than .002 mm. = 46). Behavior of this kind for the 


sandy clay might possibly have been anticipated since the granular components — 

ee the soil will have a major influence on the stress-deformation relationship. — <i 

_ However, the relationship between dry density, water content and strength in 

the as- compacted condition for the highly plastic clay is in marked contrast 

to that for the silty clay shown in Fig. 10. 

It wo would appear from these | data that the relationship between composition 

and strength of compacted clays cannot be predicted simply on the basis of -q a 

soil type, and more positive indicator tests are required. At the present time ie 

there seems to be no simple criterion for showing which soils will show large ‘ 

effects of a change in structure ‘during c compaction and which soils ' will show 

little or no effects. It appears that the only way to ascertain the influence of 

changes in structure on the pore-water pressures and | behavior of f any given 

soil is by direct determination in the laboratory. 

7 


8 
6 
Fa 
2 


Worer content (3% 


Couse 20% Strain -hg per sqcm 


tress Required to Cause. 


va 


8 


sqcm 


4g per 
= 


Rea 


wired fo Cause 5% Strain— 


Required to Couse 5% Strain -hg per sq.cm Stress Required to 


* 


<Stress 


Stress 


ry Density Ib perce tt 


cits 
b 


— 
| 
| : 
| 
ae 
CONTE — KNEADING COMPACTION. 


Perhaps one ‘comment should be made with regard to the 
strength characteristics of soils in the “as-compacted” condition. _ There ap- 
dispersed and flocculated structures should result in equal strengths at 20 to 
_ _ 25 per cent strain and this may not be true for all soils. In fact, for some | 
soils, samples having dispersed structures may still show lower strengths > aa 
even at such high strains, than samples of the same composition having floccu- 
hy lated structures. With such soils there is likely to be a stage at which an — 
% crease in density, at any given water content, will change the structure suf q 
a ficiently to cause a reduction in strength ‘even for strengths determined at high 
strains. However, the effect will still be much smaller than it would be for 


‘ing and impact methods of compaction. It is, in fact, for these methods of © a 
compaction that the t theory of compaction described on page 1 was developed 
al for which confirmatory data were obtained. . It becomes. pertinent to ask 
at this stage whether the theory would apply to other methods of compaction 
Evidence of the different characteristics produced in soils by different 
a ‘methods of compaction. | Evidence of the different characteristics ‘produced in’ 
fs soils by different methods of compaction has been available for some time | 
a: and suggests that different methods of compaction may in fact produce differ- 
ent types of structure. ‘The hypothesis advanced by Lambe does not include a 
- consideration of the effect of the method of compaction on soil structure but " 
can readily | be extended to do so by. incorporating in it the additional concept 
_ of shear strain as an important mechanism in the formation of soil structure. 


_ Influence of Shear Strain on Soil Structure rie 


a Various p pieces of evidence are already available to that ‘shear 
iF strain | may produce a marked increase in the degree of dispersion in compact- 
ed clays and in fact change a flocculated structure to a dispersed ; arranges 
Consider, for example, the stress-strain relationships for the compacted 
samples shown it in n Fig. 8. _ The only ‘Significant difference between these two: { 


dispersed structure, increased in strength progressively as the strain in 


, - creased and attained a strength | of 2.40 kg per sq cm at 20 per cent strain. ' 
Specimen 1, however, having an initially flocculent structure, developed a high 


a strength at ‘low strain and thereafter showed only a small increase in strength | 
4 with further deformation; its strength at 20 per cent strain was 2.20 kg per sq | 
em. | The fact that this specimen had approximately the same final strength 
i a and pore- >-water pressure as the dispersed specimen suggests that the 
ns structure in the zone of the failure plane is gradually changed throughout the 
s test and at high strains the clay particles have an essentially dispersed ar- 59 5) 
i ie rangement. Thus, the flocculated structure would govern the initial part of 
im the stress-strain curve, resulting in high strengths at low strains but there- 4 
_ after the structure is apparently progressively changed to a dispers i 
rangement which controls the strength at high strains. 


Again, it has been found that a series of repeated load applications toa 


compacted clay can produce a ‘marked increase in resistance 
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probably because of a ‘change in structure of the soil. (9) vet, if the specimen 


p- | is deformed appreciably after the stiffening effect has been created, the ia- 

on, creased resistance to deformation disappears. This might also be interprete a 
to 


* a destruction of soil structure resulting from shear Mako %, 
- Consideration of these effects suggests that if shear strain after compaction 
| can change the structure of a compacted clay, then the shear strains that oc- me 
cur during compaction are also likely to have a profound effect on the initial 
- structure. | - Furthermore, if large shear strains after compaction can change 
a flocculated to a dispersed | structure, it would seem logical to conclude that 
high large shear strains during compaction can produce a much greater degree of 
dispersion than would result from a compaction process inducing no 


_ These concepts ; are in excellent a agreement with the mechanism of soil ee 
oy movement during kneading and impact compaction. When a sample of clay is 
a | _ compacted dry of optimum there is usually no appreciable penetration of the 
aie ‘compaction hammer or tamping foot once the soil has been rammed into a 
“~~ — compact mass from its original loose condition. In other words, there is a 


it appreciable shear deformation during compaction, with the result tl that a —— 


which tends to flocculate will retain a flocculated ‘structure. On the other 
hand, compaction of the same soil wet of optimum usually results in appreci- : i 
able penetrations: of the ‘compacting hammer or tamping foot, even after the ; 


maximum density has been attained, producing considerable shear strain in Re’ . 
4 


aaa The fact t that a marked change in structure can occur in going from slightly | 
dry to slightly wet of optimum suggests that the shear strain ¢ during ‘compaction 
plays an important part in producing an increased dispersion of the clay _ Ze 
cles; and that in ‘many cases it is the progressive increase in shear defor- > 
mation (for a constant compactive effort) as the water content is increased 
_ which is largely responsible for the progressive increase in tl the SEP ag 
orientation of the clay particles. 
of soil structure during compaction as follows: at low water contents the high a 
electrolyte concentration prevents the double layer from developing fully re- 
sulting in low inter-particle repulsion and consequently, for most soils, oll 
_ tendency for flocculation of the clay particles. An increase in water content 
a decrease in electrolyte concentration, expansion of the double layer, 
y therefore increased repulsion between clay particles together with 
— _ tendency for higher pore-water pressures to develop when the tamping coal ia 
"pressure is applied; consequently it leads to a decrease in shear strength. ee al 
_ The somewhat reduced tendency to flocculate but more pa particularly the greater 
shear deformations under the tamping foot which result from the reduction in _ 
Shear strength can lead to an increased degree | of dispersion or an increased 
degree of orientation of the clay particles in the compacted soil. eS ee 


On the basis of this hypothesis it is pas to divide soils into five main 


4 . Soils in “an the orientation of clay pa: particles can be changed simply by 
increase in water content | during compaction; | such ch soils will tend 
ae ; have flocculated structures when compacted dry of optimum but will hint 

have more dispersed structures when compacted wet of optimum 

= whether the compaction method induces ‘shear strains or not. However, 


compaction methods inducing | shear strain in a soil will cause more | 
than compaction methods inducing no shear strain. 


3 
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ed 2 
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ok Soils in which the tendency t to flocculate is ; sufficiently g great that an a 
increase in water content during compaction wi will not produce any ap- ae 
alae increase in dispersion of the clay particles but an increase 
= water content combined with the influence of large shear strains will 


= 3. Soils in which the tendency to flocculate is so great that neither an ia 


-_ erease in water content nor the inducement of shear strains during com- | 


will produce any appreciable change in structure 


4. Soils which tend to disperse even when compacted dry of optimum; for 


cy _ optimum whether the compaction method induces shear strains or not. 
_ 5. Soils in which there is a pronounced increase in dispersion when se 


_ Clay fraction on the stress- strain characteristics is masked by other 
_ factors with the result that the soil behaves from a stress-strain point | 


view almost as if no change in structure had occurred. 


The above hypothesis leads to an understanding of the effect of a 
Bue compaction on soil properties. * Furthermore, the validity of the hypothesis 
with regard to the effect of shear deformation can readily be determined. If 
two samples of a soil in Class 1 or 2 above could be compacted at the same oe 
_ water content to the same dry density, first using a procedure involving large 
shear deformations and then using a procedure involving negligible shear 


_ pacted wet of optimum but the influence of structural changes in the _ : 


deformations, it would be expected that the first sample would have a relative: 
ly dispersed structure while the second specimen would have a aetatively: a 
ys Vee procedure involving large shear deformations is the use of ie com- 

paction for samples wet of optimum. A procedure involving no appreciable 
& shear strain is the compaction of a soil in a mold using a ram which covers: 

» the entire area of the mold, a process which has been termed static com- | 
7 -paction. Hence, a comparison of the properties of samples prepared by knead- 
ing and static compaction should throw some light on the basic cause of soil _ 
_ structure and on the influence of compaction methods < on soil properties. For 
: produce no appreciable shear deformation in the soil and consequently result — 

in similar structures (relatively flocculated or with random orientations ol 
_ clay particles). _ However, for samples compacted wet of optimum kneading 

compaction should produce appreciable shear deformations resulting ina 


Stati dispersed structure or a greater degree of particle orientation, while ae 


density and water content the two methods of compaction should therefo."e ‘peek 


‘sult in similar properties for samples prepared dry of optimum but in marked- ey 


a a relatively flocculated. structure. samples of the same dry 


oy y different pr properties for samples compacted wet of optimum. 


the Effects of Kneading and Static on Swell and 
In order to investigate the above conclusions, tests were conducted to de 3 
} 4 termine | the swell and d shrinkage characteristics « of samples of sandy clay and 


he _ Fig. 13 shows a comparison of the amounts of swell and shrinkage 


‘Samples of ‘sandy compacted dry and wet of optimum. will be seen 
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3-SWELL AND SHRINKAGE FOR SAMPLES OF SANDY CLAY 
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swelling and shrinkage characteristics; but for samples 
wet of optimum, statically compacted samples exhibited the greater swell and | 
less shrinkage associated with more flocculated structures. 
A comparison of the swell pressures exerted by samples of sandy clay and 
“silty clay prepared wet of optimum by the two methods of compaction is shown q 
in Fig. 14. Here again the swell pressures exerted by the ‘statically compact-_ 
! ma ed specimens exceed those of the specimens of equal densities and water — e 
contents prepared by kneading compaction, indicating a greater degree of 
flocculation in the specimens prepared by static compaction. 


- Infsence of Kneading and Static Compaction on on the Form of the Stress-Strain 


Further evidence of the different structures caused by by kneading and static | 


compaction is provided by the stress-strain relationships of compacted _— 
_ in undrained triaxial compression tests. The upper part of Fig. 15 shows a 
comparison of the stress-strain relationships for samples of silty clay com- 
_pacted dry of optimum by kneading and static methods, again indicating the 
similarity in properties of the specimens. The lower part of Fig. 15 shows a 
oi similar comparison for samples compacted wet of optimum. The marked _ 
difference in form of the stress- -strain relationships for samples prepared or 
is kneading and static compaction is readily apparent. . Furthermore, it will be . 
noted that the stress-strain curve for the sample prepared by kneading com-— 
-Paction : is characteristic of a i dispersed structure, while that of the sample — 


in fact, it is very similar in form to those for the complies 
dry of optimum shown in the upper part of the figure eae ie ie 
Finally, Fig. 16 shows a comparison of the stress-strain 
_ consolidated- undrained tests for three samples of silty clay having essentially 
the same density and v water | content but prepared in the following manner: aad 4 


preps - prepared kneading compaction dry of optimum, n, producing 


Specimen 2- wet of optimum by kneading producing 
a relatively dispersed structure. ic compaction 


- mens 2 and 3 and in the pore-water pressures femstones throughout the tests 
ry would seem to provide convincing proof of the different initial structures of | 
A _ these specimens. Furthermore, these differences together with the similarity a 
in form between the stress-strain curves for specimens 1 and3 provide 
& further evidence of the flocculated nature of the | specimens prepared by static 
a compaction, the dispersed structure of the sample prepared wet of optimum — 
* kneading compaction and the major influence of the shear strain during —- 
7 compaction on the soil structure. However, it is again worthy of note that the | 
A strength characteristics of the samples expressed in terms of effective stress-} 
es are essentially the same, again indicating that soil 


pa: It should also be noted that the different ‘methods of compaction will 
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ah of the sandy clay prepared by kneading and static compaction. It will be noted 


Pas that in this case there is little difference between the stress-strain relation-— 
of samples compacted wet or dry of optimum or 
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Another method of investigating the influence of shear on nthe 
structure and behavior of f compacted s soils is provided by the variations in | 
cted 
te penetration of the tamping foot during soil compaction by kneading methods. 
sted | | Ifa sample is compacted wet of optimum then Gere is a theoretical limit me 


peciafier plot. In actual fact, a sample cannot be compacted to this con- 
‘dition because it is impossible to remove all the air from the voids by com-_ 
paction methods and for kneading compaction the upper limit will usually be .: 
that corresponding to a degree of saturation b between 90 and 95 per cent. -=g 


further increases in tamping pressure will not cause any increase in density; 

i they will, however, result in greater penetrations of the tamping foot into the 
| soil. ‘Thus, it is possible to prepare samples by the same method of com- , 
| paction (kneading) to the same dry density and water content but with different 
§ amounts of shear strain being in induced in the samples during the Sompaction 

a _ The stress- -strain and shrinkage characteristics of two series of samples 

& of silty clay prepared in this way are shown in Fig. 18. ‘After compaction the 
samples had essentially the same ‘water content and density but one series 
was prepared using a tamping pressure of 80 psi. producing a foot penetration 
of 0.05 in. while the other was prepared using a tamping pressure ¢ of 320 psi. i 
producing a a foot penetration of 0.43 in. The samples for which the foot pene- a | 
tration was greatest exhibited the flatter stress- -strain curves in undrained ae 
tests (indicating higher pore-water pressures), lower strengths at 5 per cent 
strain and higher shrinkages— —all ‘manifestations ¢ of a greater degree of dis- 
persion and indicating a higher degree of particle orientation in these samples 
than in those prepared with the smaller foot penetration, = =” Be 
In contrast to the behavior of this type of soil is that of the highly plastic _ 
clay shown in Fig. 19. Here increasing foot penetration had very little effect 
on the form of the stress strain relationship, although the largest penetration — 

§ did produce a ver y small decrease in strength. These data might be interpret- 4 
ed to indicate that the soil falls in Class 3 of the subdivisions on page 108 and 
that even at water contents above optimum and under compaction conditions ‘4 
inducing large shear strains, the clay particles tend to flocculate, , resulting in a 
the form of stress-strain relationship which seems to be characteristic Ca 
flocculated conditions. It is interesting to note that this particular soil, even re: 
when compacted with large ‘shear deformations at a 2 water content 16 per cent 
above the optimum water content in the modified AASHO compaction test, still 
develops its maximum strength at about 10 per cent strain and shows a well- | 
defined- shear plane rather | than the bulge type of many 


soils compacted at water contents wet of optimum. 


Relationship Between Dry Density, Water Content and Undrained Strength in ng 


the “As-Compacted” Condition for Samples Prepared by Static Compaction — tet 


strain during compaction can have an important effect on soil structure and > aa 
‘ therefore on soil properties. It follows from these results that samples pre- 


ee pared by static compaction undergo only slightly more shear strain when _ de 
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= flocculation resulting from the increased water ‘content. On. the other mt 


_ hand, for samples prepared by kneading compaction, differences in structure 
between : samples compacted wet and dry of optimum a are due both to the in- 


crease in water content and to the larger ‘strains during wet side 


‘Since a major factor in n dispersed structure formation is is missing in static § 
- compaction, it may be expected that differences in structure between dry side 
and wet side samples will be small and, in fact, that for most soils compacted 
by static methods there will be little change in structure regardless « of the 
7 compacted water content and density. - This leads to two | important conclusions 
regarding the form of the relationship between dry density, water content ont 
strength in the “as- condition for ‘samples prepared by static 


ae 
. Since the strength of ted clay to depend primarily on 


and any differences in structure are primarily ¢ due to the reduced tendency =, 


= 


ed pore- -water pressures, (and changes | in n structure are > small), at a a 

- constant value of water content the strength is likely to increase pro~ 

. Since all samples will have essentially flocculated structures, —— } : 
ae strain curves will be relatively steep in the initial stages and | 
maximum strengths or resistances close to the 
will be developed at relatively small strains; thus, the ‘strength’ de- = j 

_ termined at 5 per cent strain will be close or equal to the strength de- 


termined on the basis of 20 per cent strain and the relationship between 


zi 


‘less of the strain at which the is 
than about 5 per cent). — 


clay soil shown in Fig. . 21(a). it will be noted that for de- 
eee at high or low strains, there is no reduction in strength with increase 
in density—a result in marked contrast to that obtained for samples of the 
- same soil prepared by | kneading compaction and shown in n Fig. 10. The effects 
§ the different structures in samples compacted wet of optimum by static and > 
kneading methods are readily apparent from a comparison of Figs. 10 and 
21a). _ Further test data for the sandy clay and highly plastic clay soils show- 
a ing the same form of strength-density-water content relationship for samples 
; en by static compaction is presented in Figs. 20 and 21(b). For these 
a soils the change in this relationship for ’ samples prepared by kneading com- 
- paction is not nearly so great for the reasons discussed on page 103. ever \ 
theless, the results for statically samples would seem to confirm 
Effect of of Method of Compaction on | Soil Strength and ‘Structure oan ; 


Having made a comparison of the effects 0 of kneading a at: static compaction 


ey 
* 
¢ 
2 
a ru 
: 
ab | 1 
RY 
On soll strength, 1 ecomes OI interest to inves igate the relative iniluences 
| ll ae of other methods of compaction. The most widely used laboratory compaction F 
oC iy procedure is undoubtedly that involving the dropping of a hammer from a given} — 
_———! jj height onto the surface of the loose soil, a process which has been termed _ 
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impact compaction. of compaction have 
~ also been developed, though they have not been used appreciably for compact- 
ing « cohesive soils. 7 To provide information on the relative influence of differ- 
ent methods of compaction, a series of tests were conducted on samples of 7 


the silty clay soil prepared by kneading, impact, vibratory and static methods 


a compaction. The silty clay soil was ‘selected for this study since it is ap- 
parently very susceptible to changes in structure and properties resulting — 


‘The general procedure was as follows s. Samples of silty clay were pre- — 


pared by, say, impact compaction, t using a compactive effort which would a 


a maximum density of about 95 per cent of the modified AASHO ens egg’ 

density. The stress- -strain curves for the samples were determined by 

-unconsolidated- -undrained tests and the stresses required to cause 5 per ad 
. and 20 per cent strain were noted. These “strengths” were then compared _ ad 

with the the corresponding strengths of samples prepared by kneading oa 
- the sa same densities and water contents. In this way a comparative strength | 
index termed the relative strength was evaluated. The relative strength is 2 
. Ss simply the ratio 0 of the undrained strength of a ‘compacted sample prepared by 
ae “any method of. compaction to the strength of a sample of the same density and 


we content prepared by kneading compaction. By this means a = q t 4 


measure of the effect of method of compaction was determined. Relative ug 
strengths \ were evaluated at 5 per cent and 20 per cent strain. A aaa 


_ the strengths of samples prepared by impact and kneading compaction is 


al Similar results for : samples of approximately equal densities and water 


contents but prepared by other compaction methods, are shown in Figs. a | 
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ing compaction; Fig. 24 shows a comparison of the effects of static and knead- <ved 
ing compaction. — . It will be noted that dry of optimum, the relative strength Li 
values are e always close to unity, indicating that the method of compaction has 


determined at 5 per cent strain vary widely for different methods of com- 


paction but only small differences are apparent for strengths determined ae 


Since the e strength comparisons shown in gp 23 and 24 all involve _ 


vs 
Water Content _ 


Relative Streng 


Re 


9 


Strength(bosedon 5% strain) 


WaterContent 


se 


ength of 
wmpact compaction 


wae 


| 
Strength of samples 
with some compositions — 


per sq.cm 
cm 
a 


Strength of samples 
prepored by impact 
compaction — 


Strain - k 

% 


viotor Stress Required to Cau 


Strain -kg per sq 


ee 
ay 
8 
S 
» 
= 
& 
Ss 
= 


> 


or De 


vs ia 
Water Content | 


& 


= 
% 


-/b percuft 


Density 


6 2 22 


wsiws 
nave 
mpact= 
es of i - 
nethods 
is ap- 
ting 
water 
PREPARED BY KNEADING AND 


fal 
_ the effects of the four different methods of compaction can be obtained by 


ae. 
Fig. 25(a). 


-replotting the relative strength « curves on one diagram. | This is shown in -_ 
. This type of plot emphasizes the fact that for this soil at least, 


the method d of compaction has little effect on the strength of samples compact- 
les compacted wet of optimum, the influence of 

the method of compaction is considerable and the strength of samples of the | 

same composition increases in the following order of compaction methods: og 


4 kneading, impact, vibratory, static. _ This would seem to indicate that the de- ‘* 
gree of eames of tl the clay particles and the pore-water pressures 


Reloti ve Strength 
( bosed — strain) 


Relative Strength 


Strength( based on 5% strain) 


Water Content 


° 
ie 

Strength of samples 
prepared by vibrotor, 


w 


Strength of samples with \ 
same compositions ar 
prepared by kneading 


Strain 


3 
S 
& 
3 
& 
~ 
G 
> 
Q 
8 
= 
S 
& 
~ 
G 


Dry Density 

Water Content 


102 


Strength or Deviator Stress Required to Couse20% 
sq 


< 


Relotive Strength | 
( based on 20% strain) 
Water 


Vibratory 


Relative 


Strength( bosed on 20% strain) 


cm 


re 
Strength of son samples with same ~ 


compositions prepared by kneading 
Compoctionn =| 


Strain- 


_Unconsolidated undrained te 
pressure = |.Okg 


Density 


vs 
Woter Content 


Molding Woter percen 


* 


——S 


= 
be — 
= 
| 
a 
— 


of compaction on the ‘chinsidaieat determined ‘at low strains and on the shrink-— 
age of the silty clay is shown in Fig. 26. It will be seen that both strengths _ 
and shrinkage are essentially the same for samples compacted dry of opti- 


mum. Wet of optimum both the strength | and shrinkage e data are consistent 
with the concept of increasing particle orientation in the order of compaction 4 


methods: ds: static, vibratory, kneading. 
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STRENGTHS, OF SILTY CLAY ‘SAMPLES 


irison decrease in the same order so that the more flocculated structures give the 
edby highest strengths, 
in a _ Further evidence of this is provided by the shrinkages of samples pa a 
east, — 
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ence of — 
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‘Finally, it will be noted from Fig. 25(a) that even n for samples compacted 


structure become less significant as the strain increases, probably due to the 
= that the shear strain in the zone of failure of the sample is changing the 
<ee - original structure to a more dispersed arrangement and all the samples, od 
whatever their original structure, are developing dispersed orientations at 


In the light of the above discussion it would appear that the data presented 


y o. Fig. 25(a) and 26 might reasonably be interpreted as follows: __ tho 


a. For samples prepared dry of optimum all methods of compaction pro- 
“ duce no appreciable shear deformations and, consequently, essentially 


flocculated structures which are sufficiently similar that the method of 


compaction has no ) appreciable effect on the strength characteristics. . 4 
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slightly higher and the shrinkage is slightly less. 
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For samples the same wet of optimum: 


:., Se compaction causes the largest shear strains during com- 


a paction and, therefore, the highest degree of dispersion, the highest 
pore- -water pressures and the lowest strengths at low strains, and : 
2. Impact compaction causes slightly | less shear strain during com- 7 
paction and consequently the degree of dispersion : is not quite so q 
great as for kneading compaction, the strengths at low strains -_ = 
3. Static compaction causes little shear strain during compaction, 
sulting in a relatively flocculated structure, the lowest pore-water | 
and highest at low strains, and least 


produce the same structure as is obtained by static 
compaction. . However, it appears that the vibrations enable particles _ 
a reorient to a more dispersed arrangement than is possible with _ 
compaction, resulting in somewhat at 


strains and shrinkage. 
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Since the ‘differences in the effects of the various ~iation 
_ methods occur between the undrained strengths of [ samples prepared by knead-} ¥ 
typica 
_ ing and static methods, it is interesting to evaluate the magnitude of this ng soil strt 


_ difference for a variety of soils. Fig. 25(b) shows the relative strengths of ‘Tt has 
va samples prepared by static and kneading compaction for three soils. It will | greatly 
_ be seen that the effect of method of compaction can vary widely with different paction 
~ soils; in some cases it may cause a strength variation as great as 400 per | rangems 
- cent, but in others the effect may be quite small. It is interesting to note, = Bare not 
however, that even for strengths determined at high | strains, for each of these § » othoas 
oe soils the strengths of some samples prepared by static compaction areas _ particle 
1. ae Finally, it is worthy of ‘note that the differences in a atrodibve as and strength to prodt 
7 resulting from impact and kneading methods are apparently small. Acheck Jf any give 
. —— the > shear strains | during compaction for s samples of the silty clay ata water] samples 
we content of 20.4 per cent (3 per cent wet of optimum) showed that the falling Po any g 
“ hammer during impact compaction penetrated about 0.12 inches into the “Bo decre 
sample while the tamping foot during kneading compaction penetrated 0.18 of come 
ry ; inches—the greater shear strain during kneading compaction leading to we ‘The: 
having lower strengths at low strains shrinkage than those 


above t 
ek However, as previously described, for of optimum the same the use 


i a _—- can be obtained using different tamping pressures. Thus it was also ing wate 
_ found possible to prepare other samples of the soil by kneading sy a strengtl 
to the same density and water content but using a somewhat lower tamping - 

pressure with the result that the foot penetration during compaction was only i ua 

0. 04 inch and the resulting samples exhibited slightly h higher strengths at “a a 

‘The 


4 strains and slightly less shrinkage than the samples pr prepared by impact 
i staff of 
of Calif 


_ ‘These « data are in | excellent accordance with the concept t that the shear — 
"strain during compaction is primarily responsible for the influence of ‘method | 
of compaction on soil properties. _ The data also indicate that impact and 4 sev 
Shifl 


% samples prepared wet of optimum to the same density 2 and water content by 


either method may show the slightly higher strengths at low strains, depending figures 


ap 


CONCLUSIONS Lan 
2. Lan 
clays and the relationships between | composition and strength in the as- _ ~ Soil 
compacted condition. The influence of soil structure on shrinkage, 


swell pressures, stress-deformation characteristics, undrained ‘strength, 
pore-water pressures and effective strength characteristics has been de> 
scribed and it has been shown that although soil structure may have a profound | bs _ 
effect on undrained ‘strengths’ determined at low strains because of its iathgt kL 
% ence on pore- -water pressures, it - appears to have little or no effect on soil _ 
strength characteristics expressed in terms of effective stresses. The _ | 
of of the strain at which undrained ‘soil is di determined on the 
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Srelationship b between composition and strength has been demonstrated, a 
typical examples of this relationship, illustrating the influence of changes : 
soil structure on the form of the results obtained, have been presented. 
i has also been shown that the structure developed in a compacted soil is “ay im 
greatly influenced by the shear strains induced in the soil during the com- => 
paction process; such strains apparently tend to produce a dispersed eee : 
rangement of soil particles and thus, for soils in which the interparticle forces: at 
fare not so great that flocculation will occur under all compaction conditions, a 
methods of compaction inducing shear strains produce a greater degree of a 
particle orientation, lower strengths at low strains in undrained tests, greater y 
shrinkage and less swelling than methods of compaction inducing little | shear 
strain. As a consequence of this effect, different methods of compaction tend 
to produce similar characteristics in samples compacted dry of optimum to = a ; 
any given density and water content but produce different characteristics in a 


compacted wet of optimum. samples compacted wet of 


fof compaction methods: kneading, impact, vibratory, ‘static. 

=} The paper represents the first of a series of two dealing with the strength | 
fof compacted clays; a more detailed consideration of the principles described 7 
pabove to the strength characteristics of compacted clays after soaking and 
pthe use of stress vs strain relationships for predicting the influence of mold- 
sing water content, method of compaction and strain at failure on the undrained 
strength of compacted clays will be covered in _ second —_ of ” series. 
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"SOIL. MECHANICS AND FOUNDATIONS DIVISION 


DESIGN OF UNDERSEEPAGE CONTROL MEASURES FOR Dams 


nderseepage and is 


as ; companion paper No. 2. The first paper is entitled “Investigation of Under- 
seepage— Mississippi River Levees” and is referred to as companion 


No. 1. The third paper is entitled “Construction and Maintenance of Under= Pi 
- seepage Control Measures” and is referred to as companion paper | No. 3. _ 

Methods of seepage and exe excessive hydrostatic | pressures be- 

neath dams and levees fc founded on deep | strata of pervious sands pare presented a 
in this paper. The principles. involved in the different methods of under-— 

seepage control are also considered. Although the design of seepage control a 
measures is not an exact t science, , formulas and criteria for preparing a 


rational of such are given. ‘These on known seepage laws, laws, 


— 
& _ The control of underseepage and prevention of sand boils landward of - 


levees founded on deep strata of pervious sands require some measure that a 


- will control erosional seepage and reduce excess pressure beneath the land- 


_ Note: Discussion open until March 1, 1960. Separate discussions should be submitted | = 
_ for the individual papers in this symposium. To extend the closing date one month, 
i written request must be filed with the Executive Secretary, ASCE. Paper 2217 is 
= part of the copyrighted Journal of the Soil Mechanics and Foundations Division, Pro- _ 
ceedings of the American Society of Civil Engineers, Vol. 85, No. SM 5, October, 1959. 
1. Ch. Soils Div., U. S. A. Engr. Waterways Experiment Station, Vicksburg, he 
2 2. Chi. Engr., Eugene Luhr & Co., and Luhr Bros., Inc., Columbia, Ill. 
4 merly Chf., Geology, Soils and Materials Branch, Eng. Div., Mississippi as 


River Commission, Co Corps of Engrs. » US S. Vicksburg, 
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blankets, relief wells, -landside berms, trenches, cutoffs, and 


ss levees. The choice of a control measure depends | upon a ‘number of factors 
—— ahaliog the character of the foundation, cost, permanency, availability of 
right of way, maintenance, and disposal of seepage water. The principles in- 
~ volved in each of these methods of control are quite different. Where the per- 
vious substratum is exposed riverward of a levee, an impervious riverside | 
eee to control seepage by increasing the resistance to seepage entry 
into the pervious ; substratum, thereby: decreasing both se seepage age flow and « ex- 


riverside borrow pits. Instead of blocking the flow of seepage beneath a levee, . 
relief wells along the landside to toe of a levee provide pressure relief and con- i) 
_ trolled seepage outlets that offer little resistance to flow but at the same time 
"prevent erosion of the soil. A landside berm controls underseepage by in- _ 
k creasing the th thickness of the top stratum immediately | landward of the levee J 
so that the combined weight of the berm and top stratum is adequate to resist 
; _ the excess uplift pressure, and by increasing the path of seepage flow through 
at the pervious aquifer t tot the extent that the residual excess pressure 2 at the toe 


i: entry for : seepage into the pervious 3 foundation through the river channel or ¥ 


trench controls. seepage by intercepting it as it emerges from 
_ substratum without allowing erosion to take place. It also provides a certain 
amount of pressure reduction landward of a levee) where the blanket or trench 
| ri contacts the underlying aquifer. 
_ For reasons subsequently discussed, only riverside blankets, relief wells, 
; ‘and seepage berms are generally recommended for the control of seepage be-| 
a neath levees along the middle and lower reaches of the Mississippi River. ‘J 
os Seepage control measures are considered necessary where observed or © 


estimated values of hot may | be api to equal or exceed | he (approximate- 


x) Riverside blankets. —Where no control measures are present, river- 


7 side blankets should be designed so that i at the toe of the levee does 
not exceed 0.5 to 0.6. Where landside berms wider than 150 ft are 
present, but additional control measures are considered 
“rete _ Fiverside blankets should be designed so that i at the toe of th 


berm does not exceed0.6t00.7. $= 
—@) Relief Wells.—Where no control measures are present, relief wells 


- _ should be designed so that imax midway between wells or landward 


Seto _ from the well line does not exceed 0.5 to 0.6. _ Where landside berms a 


er Fhe _ wider than 100 ft are present, but additional control measures ar, 


considered necessary, relief wells should be designed so that 


3 (3) Seepage Berms.—Seepage berms should have a width and thickness 
; 48 such that i through the top stratum and berm at the landside toe of ; 
ne _ the levee will not exceed ra, 5, and i at the berm toe will not exceed 


 *See for definition of notations and symbols 
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a 0. 75 to 0. 80. However seepage berms need not have a width exceed "a 


ing 300 to 400 ft depending on soil conditions and height of levee. 


= _ Bligh an and Lane and Qs at ey flood stage would be excessive (say * 
greater than about 200 gpm per 100 ft of levee), riverside blankets — 


following ar are the minimum ielnen ordinarily given for Bligh’ s so 
rar 
od Lane’s creep ratios, ys, respectively: : Very fine sand or silt - 18, 8. 5; 
> sé i sand - 15, 7; medium sand - --, 6; coarse sand - 12, 5; fine jan 
_ gravel or sand and gravel - - 9, 4; ; coarse gravel including uel 
4 to 6, 3; boulders with some ‘cobbles and gravel - oe, 2.5. oe ; 
@ Relief Wells.—If creep ratio is too low and natural s seepage Q. sis” 
greater than about 200 gpm per 100 ft of levee, relief wells should 
designed to intercept enough seepage so that the uncontrolled 
7 “a seepage emerging landward of the levee will not be more than about 
: (3) Seepage Berms.—If creep ratio is less than values given by Bligh 
and Lane, length of berm should be such as to increase the creep | 
be ratio to an acceptable value, and i through the berm at toe of home 
toa value’ equal to or less than.0.5. The values by Bligh and Lane 


“oa for various soils are shown in paragraph | b(1) above. eee 


or is nearly, exposed riverward of the levee. _ Such blankets are particularly “a 
adapted to situations where no top stratum exists riverward of the levee  . 
where most of the natural top blanket has been removed in borrow ee 
Correct design of a riverside blanket requires of the extent, 
type, thickness, and permeability « of the e existing blanket. — Banas first three of 


for the various types of soil materials can then be estimated on the basis 7? 


ce Where the blanket is to be developed by means of abatis dikes, the 1 new fill 
will probably consist of silts or silty sands, depending upon velocity and flow — 
conditions along the levee during high water. On the basis of experience and 


, actual field measurements, the permeability of such a blanket would probably , “3 


_ Where haul-in construction is contemplated, r: pencvanhte estimates of the 


permeability « of blanket materials can be obtained from <gsreegdin tests on ae 


‘presented in in the following paragraphs.  ~ 
Case I. Natural R 
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= The best combination of {zp a and iLp is that along the the xp curves near the the dashed 
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Fig. 3. Nomenclature for designing riverside blankets. 
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Case Iv. Natural 1 Top Stratum Riverward of Borrow Pit ‘Infinite 
(Ly > 2000 ft) and Impervious (k < 0.05 x per : With a Uniform 
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rrow pit pit. From 


to Bennett(1) a triangular- will tend to be about 
- per cent more efficient for the same length and volume of material as a _ en 
“uniform blanket of constant thickness. | Triangular blankets are desirable 
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_UNDERSEEPAGE CONTROL 
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Fig. 5. Women designing riverside blankets. 
stratum 1 of borrow pit infinite and impervious — 


pri primary purpose of is pressures above 
the ground surface which otherwise would cause formation of sand boils and 
possibly subsurface piping. Relief wells also 30 intercept : and provide controlled <e : 
outlets for seepage which otherwise would — uncontrolled landward of a7: . 
Relief wells should be > designed to into the principal pervious q 
strata to obtain efficient pressure relief, especially ' where the foundation is a ! 
stratified. Wells should be spaced sufficiently close together to intercept haan 
seepage and reduce to safe values hydrostatic pressure which otherwise would oe 
act beyond the wells. . Wells must offer little resistance to water flowing eli 
through the screen and out of the well; they must prevent infiltration of sand - 
into the well after initial development; and they must be able to resist the _ Ls 
deteriorative action of water, soil, and bacteria. 


— Disadvantages of relief wells are that they require periodic inspection and — é 
maintenance, they must be protected from back flooding, and they increase 


| the total quantity of seepage about 20 to , 40% depending on conditions. a 
table 
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well guard, check ve valve rubber gasket, to the welll 


a 7 _ The principles of controlling seepage relief waite are illustrated t by 


Figs. 7-10. These : data were obtained from sand models built to simulate 
typical conditions along Mississipp! River levees. (4, 6) The effects of well 
ae ‘ ‘Spacing an and penetration on seepage, , well flows, and substratum pressures in — 
re a homogeneous sand foundation are illustrated for various landside top stra 
2 in Figs. 7-9. The effects of stratification and borrow pit conditions on the “3 
- operation of well systems are illustrated in Fig. 10. It is apparent from — 
i, 2 10 that wells should penetrate the more pervious | strata of the app: 
in order to relieve substratum pressures efficiently. From Fig. 9 it is seen 
_ that relief wells increase the total quantity of seepage somewhat, although _ 
_ they materially reduce the natural seepage through the landside top stratum — -_ 
— (e.g., wells on 150-ft spacing increased the total seepage 25% but decreased | eg 
the seepage emerging through the top stratum —- a 
Bis Pertinent factors to be considered in the design of well systems are well 
es well spacing, depth and permeability of the foundation, stratification | 
of the foundation, distance to the effective source of seepage, or pimps 


relief c or see} age intercey don desired. 


Design of t the ays arty pines 


im ‘The ¢ design of the well itself consists of the selection of ais and length of 

ri 

appurtenances. ‘Treated wood-stave riser and screen are economical and non- 
corrosive, and are recommended for relief wells. The uppermost 10 to 15 ft 

the riser pipe should be surrounded by concrete backfill to insure against 

decay resulting from fluctuations in ground-water r level. To prevent filter 
tt gravel from entering the well and to minimize screen entrance head losses, 
_ the slots in the well screen must have adequate area and yet be of such size 

as to Sag movement of fil filter through | the screen after development of the 


of the filter must also comply with 1 the criteria a: 


= and 


Wooden screens ‘relief wells are available with 3/16-x 
 3- 1/4-in. slots and with open area of the slots equal to 10% of the circum- 
ne Wells in the alluvial valley of the Mississippi River generally have an in- 
. side diameter of 8 in. in order to have an adequate carrying capacity without 
excessive head loss in the well. An 8-in. well with a 6-in. gravel filt filter hi has 
_an effective radius of about 0.8 to 1.0 ft. — 
a stratified foundation, the effective ‘well penetration usually 
from that computed | from the ratio of the length of well screen to total thick- ; 
Mt ness of the aquifer. The effective screen penetration W of a well screen : = t 
length w in a stratified foundation can be determined in the ae manner. 
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WELL SPACINGS. 
29433, 130, 
WELL PENETRAT 


beneath top stratum with and “a 
reliet sand foundation and relatively impervious 
landside top stratum (Model A) 
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Fig. 8, Well flows and landside substratum pressures. 


ata 
ics | 
| 
hout 


A wel Spacing in Feet 
125150 


Well Fh 
Flow + Seepage with Wells 


8 


Increase of Flow _ Total Flow- 


Percent 


10 


7 


with Wells Open 


Fig Well flow and ent ad 


| 


8 


Decrease of Seepage Due to Well 


5 8 8 


| vertical 
| isotrop: 


f Net Head 


rcent 


Pe 


ae 
Pressure in 


— 
“re | | 
= 
3 = 
| 
Wig 
| 
— 


Each stratum of the perv with 
vertical permeability coefficients kH-p and ky-p n can be transformed into an | 
isotropic of thickness dn and permeability ky by means of the following 
a 
dace are 
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a _ tends to become more pervious with depth and where the effective thickness 
oh om = “averages about 100° ft, it has been found from pumping tests that to achieve an 
effective penetration of 50%, ‘the wells should penetrate about 60% of the 
principal seepage carrying aquifer on a length basis. (7) This degree of pene- 


_ strata of clays, silts, and fine sands and above the valley floor. A depth of 
- about 125 ft represents about the economical limit for well installation; and, 
therefore, a 50% penetrating s system is about the practical maximum that can 
be achieved along Mississippi River levees. In general, it is believed that _ 
relief wells along h Mississippi River levees should be designed on im — of 
- n effective penetration of about 50% of the main sand aquifer. os i 
_ To prevent wells from becoming backflooded with muddy surface water 4 
(which greatly impairs their efficiency) when they are ‘not flowing, a check 
oh valve and rubber gasket | should be installed on each w well. A simple, inex- 
pensive aluminum check valve and rubber gasket have been found to effectivelj 
_ protect wells from backflooding both | in the St. Louis District and in ‘simulated 
- field tests at the Waterways Experiment Station.(7) Asa . safeguard against © 
- animals, vandalism, or accidental damage, the tops of the relief wells should 
J be provided with a metal well guard to protect the check valve and standpipe | 


ane aquifer is considered to be the strata of ool below the upper ot 


and to prevent the entrance of debris. These devices will greatly reduce re- ff 
a er quired maintenance. To prevent wells from discharging when there is rela~ 4 4 
ai a tively little head on the levee and no pressure relief is necessary, plastic a ie 
= can be used to raise the discharge elevation of the wells. The — 
maximum height of the standpipe should not exceed 0.25 hg; they should be | 
9 removed when the hydrostatic head in the foundation causes them to overflow. 


- Formulas for designing reliel wells } have been d developed from theoretical 
; and model studies, (2) bas until recently these formulas were limited to — 


opic foundation Dis pene! 
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penetrating wells with either an impervious or or leaking top or 
ly penetrating wells with an impervious top stratum. For conditionsen- 
countered 1 along the Lower Mississippi River, formulas are required for - 
signing partially penetrating wells with a leaking top stratum. Recently, — iy ; 
electrical analogy model studies have been conducted by the Corps of Engi 

neers, U. 8. Army, design curves for partially penetrating wells 


based on data given in reference 
The design of a well system consists essentially of determining t the spac- 
ing 1g and penetration of wells that will reduce the substratum pressure ho at the 
toe of the levee to an allowable head hg. The wells spacing is first determined 
assuming an infinite line of of wells, and then the § spacing is reduced, where — # Se, 
necessary, to allow for the reduced efficiency of a finite line « oi wells as com-_ 
pared to an infinite line. For given values of hg, H, s, kg, and x3, there are 
any number of combinations of well spacing and penetration t that will suffice; ; 
the final selected spacing g and penetration should be based, , to an extent, on the 


most economical design, A hae 


- ‘The nomenclature and equations for design of relief wells given in Fig. 11 
are for an infinite line of wells penetrating into a homogeneous, isotropic — 
| (either natural or transformed) pervious substratum overlain by a leaking top 
| stratum. To determine the required spacing of an infinite line of wells of aa 

} given W and W/D, it is necessary to utilize the following procedure of suc- a 
cessive and the for well design in Fig The 
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TOTAL NET HEAD ON THE LEVEE 
should * ALLOWABLE HEAD BENEATH TOP STRATUM 4 
TOTAL MEAD LOSS IN WELL INCLUDING ELEVATION HEAD des. 
NET HEAD BENEATH TOP STRATUM MIOWAY BETWEEN wELLS mois Pai 
NET AVERAGE HEAD IN THE PLANE OF WELLS ABOVE 43 
“ NET HEAD BENEATH TOP STRATUM MIDWAY GETWEEN WELLS apove” 


AVERAGE UPLIFT 
MIDPOINT UPLIFT FACTOR 
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Nomenclature and end formas ne design of relief wells 
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well spacing is is affected by losses in these 
which consist of screen entrance loss, friction loss, and velocity head a 
ie. be estimated for an 8-in. ID wood-stave well from Fig. 13. hors 


a. Compute h, from hg anion 


‘The procedure for computing the: well spacing is below: 


"Assume that Hay = ha and AM from Eq. (12). 
Assume a well spacing a and compute Qw from Eq. (13). 


4 Hy for the above and W/D by means of Fig. 13 


Substitute the above values of AM in n Bq, (14) and and | solve for 


ag 


. Find Pav from Fig. 12 for the values ofa aed in n step (f) and the corre- 


i. Find 6,, from Fig. 12 for the first trial well 1 spacing and th the correspond: ey 

a. if bay > 9m, repeat procedure steps (c) to (i) i inclusive using the first 
= - trial well oy in lieu of the apacing originally assumed in ‘Step (c), 


% 


\ 


on a/ty line 100 ane 
Locate D/a on D/a line for @gy 


Place triengle edge on obove points tes by steps | ond 2. 


Slide triangle porotie! to initial position to point D/a * 1.00 on D/a line for 
Reod off volue of on line 100. Oy, * 105 
Slide triongie porciie! to initia! position to pole point on of 


Fig. 12, Nomographic chart for design of relief well systems 
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UNDERSEEPAGE CONTROL 


and | determine the second trial well ‘spacing. ‘The 
_ should be repeated until relatively consistent values of a are ‘obtained 

= on two successive trials, although usually the second trial spacing is oe 
sufficiently accurate. If in procedure (j), ares the 


 n. Compute hay from Eq. (10) using hm from step (m) aud and 
from steps th) and (i), respectively. 
0. From the above values of hay and Hy, compute Hay from ‘Eq. mo a 


AM from Eq. (12) using Hay from step (0), 
_q. Substitute the above values of hy, and AM in Eq. (15) and solve ~~ 6m 


i Find Om from. Fig. 12 for the values of a ‘used in step (q) and ili corre-_ 


The trial well spacing: is of a for which Om 
wet 
t. Find Hod from Fig. 12 for the second trial well spacing and the corre-— 


= from | step (r). 


sponding values of a/ry and D/a. a. 
Determine the third trial well sp spacing by repeating steps (k) to (t) in- i: 
clusive, using the second trial well spacing in lieu of the apecing origi- 
—_ assumed in step (k) and in step | (n) using the values of 6m and Gay 

- from steps (s) and (t), respectively, instead of those from steps (h) ; and a 
procedure should be repeated relatively consistent values. 
=< of a are obtained on two successive trials. Normally it will be found — 

that the third trial | spacing 1g will be design 


deanna for an infinite line of relief wells both at the center and near the ends Fe 
of the well Numerous well systems may be fairly short (less than 


not be more than hg. ,. The ratio of the head midway between wells at the center a : 
of fi finite well systems to the head between wells in an infinite line of wells son 
shown in Fig. 14 for various well spacings and exit lengths. The spacing of _ a 
| wells in a finite line should be the same as that required in an infinite line of a 
| wells to reduce the head midway between wells to ha divided by ratio of 

from Fig 14. In any finite line of wells of constant penetration and spacing, 


s the a ‘midway between wells near the ends of the system exceeds that at 
the center of the system. Thus, at the ends of both short and long well a 
systems, the wells should generally be made deeper to provide additional 


duction as in the central part of the well line. 7 
_ After the well spacing for a given reach of levee has been determined, the 
location of each well should be checked in the office and in the field and ad- 
justed where necessary so that the wells will be located at ae —— 


— 
_ a. _ AM previously obtained in step (b) and the first trial well spacing __ ia 
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Total head loss in 
ies din 0.33 ft eleve- 


h, Prictl ise 

= Friction loss along r 
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Assunot 
Penetration of pervious aquifer by well screen * 1008 
(2) Semipervious top stratum infinite in landearc extent — 


(3) Effective well radive* 2.0 


CONTROL 


‘gystems for levees along the Lower Mississippi River has been ‘developed £ for 
average foundation conditions and for distances to the effective source of 
seepage of 500, 1000, 1500, and 2000 ft(8) (see Fig. 15 for s = 1000 ft). The” 
are for wells with an effective penetration of { 50%, Ty = 1 ft and 

= 100 ft. The heads midway between wells in per ‘cent are based on Bay © r -_ 
a whichever is greater, and are valid for A = about 20 to 35 ft. The well 
flows are based on kg = 1250 x 10-4 cm/sec, or about the average for sites 
above L’Argent, La., as the most critical reaches of levee as regards seepage 
generally exist upstream of this point. Where kg is not equal to 1250 x 


- ‘per sec and/or D # 100 ft, Qy/H can be determined from the curves in 


Fi +. 15, and then multiplied b where k is in 10°° 


‘pi D is in feet. 


2 


of the top stratum immediately landward of the levee so that the weight of © 
berm plus top stratum is sufficient to resist uplift pressures beneath the a 

- stratum. _ A properly designed berm will be of such width that the excess head 
poss the top stratum at the toe of berm is no io longer critical, or the area ee 


the levee as to no longer endanger it. A landside berm also affords some pro-- 
_ tection against possible sloughing of the landside — of the levee asa result — 


Berms can be used to control seepage efficiently the top 
soa is relatively thin and uniform or where no landside top stratum is | a7 _ 
present. ¥ However, they are not very feasible where the top stratum is rela- - 

tively thick and high uplift pressures develop as the thickness and width of e ee 
_ berm required to reduce upward gradients to those recommended herein er.’ 

_ would be excessive. Where the landside top stratum is irregular, berms will: z 


force the point of seepage emergence farther from the levee, but concen~ 


thick clay deposits lie a ‘short distance landward of the levee, the seepage a 
berm should be of sufficient width and thickness to cover the near edge of the 
thick clay if practicable; otherwise, | the berm will tend to concentrate the ae 
‘seepage in the area between the berm toe and the thick clays. Seepage berms : = 
should generally have a slope of 1 on 50 or steeper to insure drainage. How- an : 
ever, , if the berm is constructed after the levee the to 
consolidate fully, a slope of 1 on 78 canbe used. > 
Design Formulas 


Berms may vary in character from impervious to caaapietely pervious and — 
free draining. In view of this, design | formulas are presented for 
_ Semipervious, and sand berms, : anda completely pervious, free- ~draining 
berm. Where a landside top stratum is present, the berm should havea 

om so that ip through the top stratum and berm at the levee toe < 0.5 e. f 
and a width if practicable so that the head beneath the top stratum at the berm 
toe is 0. 75 to 0.85 Formulas’ for designi landside seepage berms 
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overlying a semipervious stratum ; are given in pertinent to 
the design of each type of berm are discussed in the following paragraph. — ees 
Oia The formulas shown in Fig. 16 permit determination of the berm width and 

. the thickness at the toe of the levee; formulas are not given for determining ~ 
the required thickness at the edge of the crown, ,asa seepage berm theoreti- . 
cally tapers to zero thickness at its toe. However, it is believed that the _ a 

_— tedghness of a berm at the outer edge should be at least 1 ft so as to define — 

: the limits of the berm for maintenance purposes. ‘For semipervious and sand 

S to function as intended ate Seenones at the toe of the levee should ‘not 

2 ‘greatly exceed the computed thickness. Where landside berms are founded a 


a 


Bligh and Lane. These berms should be of sand, or as 
aN 


Impervious berms. The p presence of a landside impervious berm re- 
we a stricts the natural relief of pressure that would result from natural — 
seepage through the top stratum, and thus increases the hydrostatic . 
a head at the levee toe with respect to the original ground surface. The 
ee effect of an impervious berm on substratum pressures is the same as 
: increasing the impervious | base» width of the levee a distance equal to the 
32 width of the berm. An impervious berm constructed on top of relative- 
.“ ly pervious top strata tends to cause the development of relatively large 


uplift pressures beneath the berm, requiring additional berm 


Semipervious berm. A semipervious ial is one having a vertical —_ 
a permeability equal to that of the top stratum. _ In this type berm, sata Fe 
= seepage p passes through the berm and emerges on its surface. How- ; ha 
| ever, even this type of berm will increase the substratum pressure at | 

the levee toe (measured above the ground surface) as the berm creates 
additional resistance to seepage flow. order for a semipervious | 

& berm to function as intended, it must have a permeability equal to or 
Heed greater than that of the underlying top stratum and n must ust not be appreci- 


" c. _ Sand berm. . Sand berms have a slight advantage over semipervious ia 


ae internal head loss. Theoretical formulas for design of sand a 
_ berms were not developed. Instead it was assumed that a sand berm © 
would be more efficient than a semipervious berm but not as efficient 


* as a pervious, free-draining berm (see below), and that the length of a 


ably more pervious than a semipervious berm, the presence of a sand 
will increase the landside substratum pressure over that which 
} would exist without a berm, because seepage through the berm must — 
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_Free- drainin h 
eer enters the berm, is collected and discharged landward with low al 
“head losses in the berm. Such a berm will not affect the natural seepage 
pattern or the distribution of landside substratum pressures and, 
— 7. therefore, is the narrowest _and thinnest of all berms required for a 


ire . 
given foundation condition. However, for a berm to be e free-draining it 4 
must be underlain by properly designed sand and gravel filters and a a Coie 
collector system. The sand and gravel blankets beneath the collector 
pipes should have a minimum thickness of 6 in. gravel layer 
should be covered with 4 to 6 in. of the sand filter to prevent the over- : a. 
= lying random soil from migrating into the gravel. The landside edge « of i= 
the berm should consist of about 3 ‘ft of random soil to. protect the 
i gravel blanket against backflooding with muddy surface water. The ma- 
terial above the filter blankets and collector can be of random 
soil. 
ing the flow into the berm (which can be estimated from Fig. 16) with — we 
small head losses. collector pipes should be of extra- strength 
2 vitrified clay tile, or equivalent, perforated with -in. holes, 
ib i and should have a minimum ID of 6 in. The ends of the outfall pipes — a _ 


4 term the collector or system should be of ‘unperforated pipe and should — Bt 


= 


terminate in a tee with a short vertical sleeve, rubber gasket and flat- ae 


type check valve, and an outlet guard to prevent backflooding with muddy 
surface water and the entrance of small animals. ‘The discharge of ‘the 


Maximum Widths 


Where the computed width of a to 
pressure at its toe to an allowable amount (~ 0.8 zpy,) exceeds: 300 to 400 ft > 
the berm would not be made wider than 300 to 400 ft as it is s considered that a r fe 
§ levee would probably be safe against underseepage even with sand boils — 
| in such distances. Where the selected width of berm is less than the comput- 
| ed width, the head at the toe of the levee or existing berm ht w would not be . * 

great or t as thick as indicated by the equations ! in Fig. 16. For the selected 
berms, h'g 1 would be recomputed assuming an of 0.8 at the toe of of the new 
| berm and a linear piezometric | grade line between the toe of the new berm and 

the point of effective seepage entry. . The recommended thickness of the berm 
would be based on values of h', expected to develop with a berm of the select- 
ed width, whereas the original computed thickness would be based on the > 2 
corresponding to a berm having a width equal to the computed X. The esti- Pe. 
mated seepage flow Qs can be determined from the corresponding to 

The final selection of a berm should be based on the availability of borrow 

naterials and the cost of eat each type 
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st Drainage trenches can be used to control underseepage where the top 
i bert} stratum is thin and the pervious foundation is shallow so that the trench can | — 
tO be built to penetrate the aquifer substantially. Where the pervious foundation 
_ | is deep, a drainage trench of any reasonable depth would attract onlyasmall mee 


8 portion of underseepage, its effect would | be ena and detrimental under- nr 
a seepage would bypass the trench. Because of the depth of the pervious sub 
stratum along Mississippi River levees, drainage trenches are not considered f ficient 
feasible for these levees. However, they may possibly be applicable to levees} ‘strata 
‘The existence of moderately impervious : strata or even stratified fine sands} sh 
- between the bottom of the drainage trench and the underlying main sand aqui- 
fer will render ineffective or decrease the efficiency of a drainage an taveel 
Seepage > into a a drainage trench, where the > top | stratum landward of the levee 
consists of an impervious or relatively impervious blanket, may be computed 
from the graphs and formulas given in Fig. 17. The maximum head landward 
: 7 of the ‘drainage trench may al: also be computed from these graphs. It is pointed 
out that the formulas and graphs(3) shown in this figure : are applicable only © 
peer homogeneous, isotropic, pervious foundations, and for an impervious top 
i ky > ky, as is usually the case for alluvial sands, flow to and head land- 
ward of a drainage trench can be estimated from Fig. B awesd the pervious | 
substratum is transformed a homo and 


resist 
and ri 
with le 
on the 
tween 
solid | 
= trench and beyond can be estimated from flow net analyses. wc The ta 


Site tp seepage into the trench, and the maximum head landward of the 


ES will be somewhat less than that computed from Fig. 17. _ Therefore, 


If the pervious aquifer is highly stratified, or if strata of either reiting silt 
or fine sand exist below the bottom of the trench, h, seepage may bypass th the . 
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Formulas and curves for drainage trenches 
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oy cases, other methods of seepage mer are more reliable and ail 
ficient. If the trench is underlain by either impervious or semipervious 

- strata, the formulas and graphs shown in Fig. 17 are no longer applicable. 7 ; 
An example of seepage and design ofa a drainage trench are 

_ The filters comprising the ound layers should be designed in ac- 


cordance ance with the following filter Ag 


& 


Dis sand blanket Dis sond blanket 


gravel blanket gravel blanket 


| In addition the filter gravel around the perforated collector pipe should com- im 


ply with the following criteria: 


4 ; 


and riser pipes should have adequate capacity to carry the flow to the eurtace 
with less than 0.5-ft hydraulic head loss. The head loss should be computed - 
on the basis of maximum full flow through 1/6 the length of collector pipe be- Pes 
tween risers, the tee connection, and the riser pipe. The riser should be of 
solid pipe, and should be set about 4 in. above the finished ground surface. 
The top of the riser should be provided with a rubber gasket and check valve’ 
to p prevent flooding of the collector pipe and filters with muddy surface water. - a 
The top of the riser pipe may be provided with a low standpipe to — 
flow from the drainage trench at relatively low river stages on the 1 levee. Bey: 
Maximum height of these standpipes should not exceed 1/4 he. Of course, hi 
| such standpipes should be removed when they begin to overflow. The t top of eS bol 


the riser or outlet should —_ be protected with a metal guard. 


cut off all seepage beneath a levee by means of an impervious barrier con & = 

will eliminate both excess substratum pressures and the problem of seepage bes 
water landward of the levee. However, completely cutting off pervious strata _ 
80 to 200 ft deep along extensive reaches of levees is not economically fensi- 
ble. The installation of partially penetrating cutoffs will not reduce seepage a 
and excess pressures significantly unless the cutoff penetrates 95% or more ae 
of the pervious aquifer.(5) However, shallow cutoffs along the riverside toe +4 
of levees are feasible where necessary to cut off relatively thin layers of i ae ei. 
either natural levee or crevasse sands which lie immediately beneath the base 
of the levee and are in turn underlain by more impervious strata. _ rea 


ae Mathematical formulas for determining seepage flow and heads for partial 
| cutoffs ina homogeneous foundation are given in Fig. 19. The hydraulic grade > 

] line beneath and landward of a levee underlain by a homogeneous foundation | 
and without partial cutofis is illustrated in Fig. ‘This top stratum had 
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such characteristics that without any cutoff the excess head at the toe of the | 
levee was 38% of the total head. A 50% cutoff reduced the seepage flow ap- 
_ proximately 5% and the excess head from 38% to 37%. Thus it may be seen 


that partial cutoffs of any practicable depth into a homogeneous aquifer have 
little effect in reducing seepage flow or substratum pressures landward of a 


ta = This and other model studies described in reference (5) showed that partial 


cutoffs will not significantly reduce the amount ‘of seepage passing beneath a 
- levee or the excess head landward of a levee during high water. Whether or 


| 


not partial cutoffs would prevent undermining of a levee asa result of piping | 


is not known. 


If such a pipe developed to within a short distance of a partial 


riverside cutoff, there would be a good possibility that the levee might col- ; 


lapse into the cavern cause a crevasse in 


cutoff. 


spite | of of the partial 


a area to provide a counterweight against excess head beneath the top 


~ stratum in the subleveed area. ‘Sublevees can be used to control se seepage — 


where the landside top stratum is relatively thin, 
_ seepage normally ponds. _ A disadvantage of sublevees is that if sand boils oc- § 
cur within the subleveed area, they may be difficult to detect or observe, and 


and in low areas where 


_ may not readily be given emergency treatment, if needed. Control of seepage 


by sublevees requires proper manipulation of f water levels: in th the sublevee a 
basins | during a high water. Controlling under seepage by means of sub- 


of water would result in losing the counterhead at a critical time. 


® ‘a me A sublevee basin should be of sufficient width to > insure that ‘ike head at the 


_landside edge of the sublevee is not excessive and the overflow ‘Spillway should 
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UNDERSEEPAGE 


be set at such a height that the net excess head at the toe of the levee is not 

q ‘The required width X of the sublevee basin can be approximated from on 
equation for the width of a sand berm in Fig. 16. Similarly the head ht, at a: 
toe of the levee measured above the ground surface with a sublevee basin can © 
be estimated from the corresponding equation for h'y with a sand berm i : 
X. The height of water t sublevee basin should be such that 


“where ig Z; is the allowable head at mew toe of the levee. The crest of the | : 
overflow weir should be at the elevation of the required water surface in the E 


_ sublevee basin, and should have sufficient length to pass both the design — he fe 


‘seepage flow Q's in cfs into the basin plus runoff from rainfall Qr- The total 
discharge nies over the weir can be expressed . Seo 


at 
wherete:. 


The sublevee should have a height id that a Bao of 1 ft will exist above “a 
the water surface in the sublevee neat with the overflow weir discharging at 


It is that the « design procedures and formulas shown for 
various methods for controlling underseepage and excess hydrostatic 
pressures are approximate but can serve as a useful guide to the initiate. + 

The design formulas for the various soil conditions for the several methods» oe 
strongly emphasize the importance of having adequate field soil investigations _ i 
from which longitudinal and transverse profiles can be plotted, thus a proper —_ 
design of a given control method can be fitted to the specific soil condition. a > 
~The selection ofa particular method of underseepage control will take 


tance of initial and maintenance costs and safety, 
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a - Surface area in wach seepage emerging landward of a levee 
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Constant for riverside blanket riverside 


‘Thickness of pervious substratum 


Transformed thickness of pervious substratum = 3 
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Mine 


her Effective thickness of pervious substratum. Depth of th of cutoff 


aan Transformed d total thickness of per pervious substratum me 


aro. Transformed t thickness « of each stratum comprising pervious 


increased resistance to flow into a drainage trench as 
to flow into a fully penetrating, open, vertical, 


at the location of the trench 


tor of safety ty against uplift ; at landside toe of levee sell 


Total net head on levee, or height of flood stage 


stevens Shen w-ground surface, or tailwater, landward of levee 4 


& head (net) in plane of relief wells 


(net) beneath top stratum midway between wells in 


jae (net) beneath top mnie midway between w wells at 


center of line of) wells 


" ‘Total head loss in a well including elevation head loss 


"Effective (net) head acting on a line of relief wel 
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Maximum 1 possible (net) head beneath top p stratum; head at 
which eee gradient through | top stratum is equal to recent | 
loss through filter and well screen 


Head (net) beneath top stratum midway between 
Head (net) beneath top stratum at landside toe of levee (with- a 


~ out seepage control measures) assuming top stratum ssc 


of withstanding suchahead j 


above 1 natural g ground surface o r tailwater) with ; a landside 


Velocity head loss in relief well 
of expressed a asa. 
Allowable ‘upward gradient at landside toe of levee 
upward gradient at toe of landside crm 
Complete elliptic integral of first kind 


an Permeability ofa pervious stratum after transform g sub- — 


ky Vertical permeability « of artificial rside blanket 
‘Average combined vertical of riverside x 


Vertical permeability of top stratum riverward of 
ticularly that in riverside borrow pits 
Permeability of pervious foundation 


Horizontal of a stratum 
af 


Vertical pe permeability of individual stratum 
Width of riverside borrow pit and/or required of 
saris 


Length | of a sublevee ba measured along 
‘Distance from riverside toe of levee to river 


width of levee, and berm if f present 
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Net Seepage gradient toward a line of relief wells 


well or seepage flow per unit length of levee at 


_ Seepage flow into free-draining berm per or unit length of sonal 


levee unit of time tonne ‘sd neh of 


1 
| 


Total over weir in sublevee 
Flow from a single relief well per ‘unit of time 


Radius of influence | for a well, or maximum average rate of 
rainfall over an area, in inches p per hour, , occurring during : 
Gme of once entration ion er up! 
"Ratio: of upward gradient through top stratum at toe 
of levee to that at toe of berm = ip/iy 


from edi of to effective 


sag ‘Required thickness of landside seepage berm at toe of levee, 
height of water in sublevee basin 
Pe Effective length of well screen; penetration of well sen) 


“tate pervious aquifer expressed as a decimal; base width of 
levee in formulas for partial cutoffs 


Wi dth of lL 


164 Wiath of semipervious seepage berm 


Width of sand seepage berm 
"Effective len length of riverside to reduce ho to 
Distance from landside toe of levee (or berm) to effective 


pat 


Thickness of artifi icia riverside blanket 


thickness: of natural artificial riverside t top 


2bL or ZL Effective thickness of top stratum of flevee 
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UNDERSEEPAGE CONTROL 


we factor for a line of relief wells 
s 


q “foundation. ‘Transactions, ASCE, ‘vol. m (1946). aa 
Middlebrooks, Ra, and Jervis, H. , “Relief wells for 


3. Office, “Chief of Engineers, of Soil mechanics design— on 
.. seepage control.” Engineering Manual, Civil Works Construction, Part a 

a CXIX, Chap. 1 (wensenas 1952), as modified by Civil Works Bulletin 55-11, 

Relief Well Design, Washington, D. C., 28 June 1955. 


4. Turnbull, W. J., and Mansur, C. L, “Relief well systems for dams and 

levees. “Transactions, ASCE, vol. 119 (1954). 


5. | Waterways Experiment Station, Corps of Engineers, Efficacy of Partial 


Cutoffs for Controlling Underseepage beneath Levees. Technical Memo-— 
. —ss&Relief Well Systems for Dams and Levees on Pervious _ 
"Foundations, Model Investi ation. Memorandum No. 3-304, 
A: Investigation of Underseepage, Mississippi River Levees 
Alton to Gale, Ill. Technical Memorandum No. 3-430, April 1956. 
Invest ation of Underseepage and Its Control, Lower 
Mississi i i Levees. 
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| Procedure for Rapid Test, by ‘Su 
(Proc. Paper 1729, August, 1958. "Prior Discussion: 
1951, 2011. Discussion closed.) 
“by H. L Su 


Computation of the. Stability of Slopes, by Otto 4 
(Proc Paper 1824, October, Discussion: 
2011, 2077. Discussion closed. 
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Settlement of Oil by Andrew M. Braswell, 


(Proc. Paper 1863, December, 1958. Prior Discussion: ‘ng 


by . ‘Andrew M. Braswell, Jr. (closure) . 

Physico-Chemical Properties of Soils Ion Exchange 

Phenomena, by A. W. Taylor. (Proc. Paper 1999, APT, oa 

1959. Prior Discussion: 2010. Discussion open.) 

Physico- Chemical Properties of Soils: Role of 

Technology, by Lambe. (Proc. Paper 2001, April, 1959. 


: Paper 2236 is part of the copyrighted Journal of the Soil 
Foundations Division, Proceedings of the American Society of Civil — 
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(Closure by 


the paper. ‘His table showing barat correspondence between the degree of con- 
_ solidation | and the time factor ratios sis useful. As to the incorporation of of 

the 1 square root fitting method, the extra time required to obtain the 90% c con- 


solidation point seems to be a negligible handicap. After all the extra time 
is only a matter of a few minutes 


The principal advantage of the square ‘root fitting method is the linearity 
of the early portion of the time-settlement curve. The steepest slope is well 
defined, therefore, , the secant passing through the 90% point can be precisely 


‘Secant passing thr in in D 


Mr. Fenske’s observations are comprehensive. | His observed variation — 
of the slope is quite a problem. In fact, it was pointed out in the paper a 


q a detailed discussion on the s-value had to be deferred. The reason is that 


an optimum range 


ty a water contents for the validity of Terzaghi’ s rheological model. Within | a 


this range, his model is fairly accurate, and the s-value derived from it will 

f be confirmed by experiments. Outside this range, the slope will vary: 4 J 
_ will be steeper near the liquid limit and less steep around or beyond the © 
plastic limit. This phenomenon reveals that the stiffness of Terzaghi’s 

: bolic spring increases with decrease of the water content, andthe natural Tv. 
_ conclusion will be that a clay undergoing a consolidation test does not a 
a” clay so far as its mechanical behavior is concerned. However, most 


of the clays in their natural state are within the range. 


and. 3 in. dia.) It is interesting to note that the slope for some natural ace 
e.g. London clay and several clays from Manchester locality, is not different — 
_ from that for the bentonite mentioned in the paper. _ This confirms the cor-_ 
-Tectness of the theoretical basis for the rapid method. = © ie 


= As to the stiff overconsolidated clays, it must be remembered tl that 


j . Terzaghi’s model was established under certain conditions. The nebulous 


Proc. 1729, ‘August, 1958, L. Su. 
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} 
4 

ly worried over this variation = 
-— ie On the quantitative aspect, the s-value given in the paper, in spite of being 4 ae 
-— ie, little on the high side, is quite fair. The discrepancy between Mr. Fenske’s [a 
4 slope and that mentioned in the paper is possibly due to the difference in size 
| 
— 
— 
“= 
[ 


October, 
bs relation mentioned | by Mr. ‘Fenske must be due to the structural strength of a 
clays, which is not included in Terzaghi’s model. In fact, there is a limit of — 


eee beyond which the soil skeleton will carry the major = 


and the squeezing out of water becomes a “secondary time effect”. _ In other > 

words, such clays are no longer clays. defined by engineers in the normal a 
sense. It seems therefore that his tests can | only be inte be interpreted satisfactorily 
7... the « question of economics, it is difficult to draw a rigorous nities’ ft 
| Sree practical case manat be weighted individually. Under the conditions a 

- specified by Mr. Fenske, he is is right. However, when the number of “ah 


— 


_ Moreover, the purpose of the consolidation test is to provide information a] 
for the assessment of settlements and other "accompanying phenomena of the Wi be 
prototype due to consolidation. The commonest cases are the estimation of 
P the settlement due to the erection of engineering structures and the Fle the m 
ment of the geological age of clay s strata, ih both | cases, the loading is in- 


test, "wich by means of the method. 4 


in condit 


= loads has surpassed the 100% point can never be reached and the clay is al- ” 

partially consolidated during the process of loading. Therefore, atest 
sm = in which the loading sequence on the prototype can be simulated _ 

prove to be closer to reality than the conventional test procedure. “4 
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COMPUTATION « OF TH THE STABLITY OF SLOPES2 


by Otto Otto H. Meyer Fix. 


TTO ‘MEYER,! F ASCE. 


-putation, n, and time loss, will outweigh the saving except for very 
In the case of the dam on a it is obvious that 
‘conditions are a part of the problem, , and must be considered, regardless of 
ise the method used. As the factor of safety is not very sensitive to the value of os 
; yy an approximate value of y may be found by the procedure in the paper; 
then an arc with the resulting central angle may be fitted graphically to the am 
_ boundary condition. This will establish a new effective value of H, and the © a 
of the solution is then straightforward. =~ 
In a zoned embankment, arcs having major portions of their lengths in the a 
ane materials can be drawn by inspection. Values of § and c may be. % 
7 averaged on these arcs for reasonably approximate solutions. After all, there fa 
_ is little point in trying to produce solutions much more eareee than the o ob-— r A 
a Mr. Bitoun calls attention to an interesting feature of seoes of cohesion- ‘ia 
_ less materials. This indicates that in such cases failure will be by surface 
raveling rather than deep-seated slides. Where the surface of failure is the 
‘surface of the slope, the mathematical expression of that surface is of little — ae 
It may also be noted that in the case » of a frictionless material y will reach 
amaximum where: 2y = tan y, about y= 50'. The factor of safety then 


4 at the twe thee 


sl 
= 
E.—Messrs. Sarkaria and Worth mention the 
versatility ana raplaity or erectronic computers in solving problems such 
stability of slopes. Nevertheless, where a computer is not immediately 
a 
3 
4 
or 
Proc. Paper 1624, Uctober, 1906, Dy UNO Meyer. 
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SETTLEMENT OF OIL STORAGE TANKS? 


by Andrew M Braswell, Jr. 


ANDREW M. BRASWELL, J. JR.,*F. ASCE.. -The writer that com- 
ments of the discussers add ‘considerably to the value of his paper for which — 
he is grateful. Many of the questions are beyond the scope of the original = ; 
paper: since they deal with foundation design; nevertheless, the writer will ie 
attempt to answer them to the extent of his practice and experience. wale i 
— * Focht inquired as to the lateral forces that caused some of the older 
_ concrete rings to fail. The writer has seen numerous instances where this | 
“has happened. In some cases, a ten-foot section of ring has been displaced _ 
- laterally about two feet so that it was entirely outside the tank. Most of the - 
rings that failed have been 24 inches square in cross- -section and reinforced — 
_ with two 7/8-inch round bars in the bottom, as shown in Fig. 2A. th general, - 
"the top of the rings were flush with the surface of the ground andthe tanks 
- were approximately 120 feet in diameter. Stress in the bars due to eccentric 
loading on the ring, with the tank full of oil, ‘would be about 22 ,900 psi. a For — 
a yield point of 33 ,000 psi, this would leave a net stress of 10,100 psi in the | ae 
‘bars to resist hoop tension. The combined r resistance due to passive e earth 
pressure of the soil outside the ring and the hoop tension in the bars indicates — 
that the lateral pressure on the ring must have exceeded 900 pounds per a 
With regard to Mr. 1 Focht’s question concerning the calculation of lateral 


where p = lateral | pressure, , bs/sa. 
= vertical pr ibs/sa. ‘ 


= cohesion of. soil, lbs/sq. ft. 


the on rings in this is almost in- 
variably that due to the top two or three feet of a very plastic clay, or gumbo, q 
the e writer fee feels that a more complicated analysis i is not warranted. This — oe 
expression, applied to the older tank rings described above, would give 
lateral pressure of approximately 1,120 psf for a cohesion of 500 psf. This 

is the same order of magnitude as the calculated pressure necessary to 

a Messrs. Brickell and Smith state that the larger : a ring becomes the i 
are the forces it must resist. The writer may be 
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188 
true waiter conditions. Where the cohesion exceeds approximately 
ee one-fourth of the vertical pressure, however, the passive pressure of the 7 
- soil outside the ring increases at a faster rate than the lateral pressure = 
_ against the Ting. For weak ‘soils it may be “necessary to extend the rings to 
a firm soil, even though by so doing the rings must be enlarged and strength- 


a Messrs. ‘Brickell and Smith ith also question the use of f rigid concrete ass 


lbs/s 


= 


a Therefore, a ring would not be required for a 48 - foot high tank full o of 
water if the cohesion of the clay was 810 pounds per square foot or greater. 
This assumes, , however, that the load is uniformly distributed over the base 
of the tank. In reality, the ; shell and the portion of the roof that is supported 
4 the shell weighs about 1,345 pounds per linear foot for a 150- -foot by 48 = 
foot tank. In the absence of some sort of foundation, this load would reach _ 
the, soil essentially as a concentrated line load, which is also permanent and 
The writer has seen numerous tanks that were built ontop ofa 
ye clay soil many years ago without a foundation ring. Almost without exception | 
a . _ the shell of these tanks has s settled from 6 inches to 12 inches more than: the 
E “4 tank bottom three feet away. - Core borings 1, 2, and 3 do indicate that a ring 


is not required at those sites, whereas Core boring 5, which is stated to be 


—— typical for this area, indicates that some sort of foundation wou would 
be ‘required, even on the basis of a uniformly distributed load. Faalt ee “ 
_ The writer agrees with Messrs. Brickell and Smith that, in many cases, 
a pad of sand or crushed ‘stone, or a ‘Segmental conc rete ring would be ade- 


- additional cost of a continuous concrete ring can be justified for most in sd 


1, Sand pads ; and natural soil berms tend to on trom around the edge 


of the tank thus eliminating support for the shell. 


. Differential settlement of cone roof tanks may | cause buckling of the i 


shell or result in the roof and rafters being torn away from a portion 
of the shell. _ Appreciable differential settlement of floating roof tanks — 
_ may ‘make the roof inoperable. it has been the writer’s experience _ 
_ that continuous reinforced concrete rings tend to bridge many local 
spots and reduce differential settlement of tanks. 
d. Of perhaps minor and local importance is the function of 
a rings for tanks that are under cathodic protection. The continuous 
_ impervious circumferential ring tends | to maintain a constant moisture 
content in the soil beneath the tank. A certain amount of moisture is 
for the flow of electricity in order to make this method of _ 
corrosion protection isa big objection, locally, ‘to 
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‘Messrs. Brickell and Smith a appear | to Fig. 2 2c. 


was not the intent to infer that all of the ‘soil beneath the tank would | fail 
simultaneously. The writer would be very surprised indeed if the soil be- 


failure ye occur at any point on the circumference. So far as the on 
basis of design is concerned, however, it does not seem to be important 
whether failure is assumed to occur locally in a short section or suddenly 
around the entire ring. The writer has seen one instance in which failure 
occurred beneath a 145-foot by 48-foot tank in the manner indicated in Fig. 
¥ Failure occurred during the water test when the tank contained 45 feet as 
of water. Soft material beneath the tank for about eight feet from the edge 

j pushed out over about a 45 degree sector tilting the concrete ring and — 

. ing a settlement of six inches. Ultimate bearing capacity of the soil was + it 
computed by Terzaghi’s “Simplified-Method” to be 3,600 psi. Failure oc. oc- a oXe 
curred | at an 1 average pressure of 3 pst under the ring. 

of any of the tanks discussed in the original paper. Only tank No. 4 has oa S 

out of service since initial installation, and the length of the downtime did he 

not permit - settlement levels to be taken in this instance. Personal oberva- 


tion of many tanks in this area, however, indicates that the edge invariably — 


‘Consider a 150-foot by 48-foot tank. The average depth of the contents : 
will be 24 feet of oil with a specific gravity of 0.85. This will produce a soil 
pressure of 1,272 psf at the center. The weight of the shell, liquid ca carried 
by the ring, and weight of ring (in « excess of the soil) will produce a s a soil 
pressure of 1,812 psf beneath the ring. When one considers that the effect — id 
of the greater soil pressure beneath the ring, as compared to the center of | ue 
the tank, will be confined to the relatively more ‘compressible surface iepere, 

lit is not too surprising that settlement at the edge exceeds that at the center 4 
a Messrs. Brickell and Smith comment that the belly in the floor of the tank 
might have a greater effect upon gaging accuracy than differential settlement. © 
The writer agrees that this might be true in those instances where a tank is 


emptied completely. It is extremely rare, however, that the tanks with which — 
the writer is familiar are pumped dry. “The usual procedure is to alternately" 


emptying it. _ Where this practice is followed, the gaging error due to | 

| tial settlement is involved each tithe the level in the tank is changed, a : 
the error due re ee of the bottom is not involved w until the tank 
2 No special precautions are taken to insure that the soil in the bottom of — on 
the excavation below the ring remains undisturbed, but it must be firm when — 

the ring is poured. Frequently rains soften 
completed, or soft spots are encountered. In these cases, ‘the soft material. as 
nust be removed and backfilled with crushed rock, sand, or compacted —— 

hh conclusion, the writer wishes to make a correction to the original © 7S 

paper. _ In the column “Consolidation of Layer”, under the section entitled 
‘Comparison of Theoretical and Actual Settlements”, he inadvertently itt 
neglected to divide the consolidation | of some of the layers by (1 + + @o) * = ; 


— 
| — 
soil mass occurred spontaneously. The design assumes that afailureas 
| 
4 — 
ion 
ng 
— 
‘he : 
MID ald OUL Ul 4 talik WILTOUL Of 
e 
ks —. 
ure 
is 
if 


al The calculated settlement at the edge due to consolidation of the soil is — 


ty inches. The settlement during the water test was estimated from Fig. 9 
o be 2.7 | inches, which gives a total calculated settlement of 8.1 inches. ae 
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PHYSICO-CHEMICAL PROPERTIES OF SOILS 


AMOROCHO,1 “ASCE- _Excellent summaries of the current theoreti-_ 
cal formulations that purport to describe quantitatively the ion exchange phe- , 
nomena in soils, and critical revues of these formulations are available _ el 
| the literature (1, 2, 3, 4). Dr. Taylor’s paper does not present one such | “4 
critical revue; it would seem however, quite desirable to include a general } 
discussion of this important subject in the Symposium on the Physico- oe 
chemical properties of soils, because it is indicative of the current state of 
knowledge in the field. This discussion is is based on material contained in 
_ Avery large amount of work has been done over the years with regard to 
batten exchange. Investigations on anion exchange have been far less abun- ¥ 
dant. _ In recognition of this fact, the present discussion will be confined to ey: 
j cation exchange only. |. 
difficulties have been encountered in formulating a quantitative 
evaluation of ion exchange as a function of all the warighie and 


‘that enter the exchange and the great complexity of their interaction. Sx 2a. BAS rs 
_ The principal approaches proposed for the quantitative « evaluationof = 
cation fall within the following categories: No 


3. Relationships based on the of the kinetic acti 
4. Relationships based on between reactions jin 
clay systems and the Donnan osmotic equilibria 


. 


oS Relationships based o on application of the theory of the diffuse double x 

All of the above have been found applicable to a limited extent only, usually — 


within narrow experimental ranges and for rather specific cases. Thisis 
due either to the fact that all the factors involv ed in the exchange have not haa 


derlying assumptions are unwarranted or only approximate. = 2s 
Before ) making a a short Sere of each of these general approaches, it ie 


a Proc. Paper 1999 April, 1959, by A. Taylor, 


‘1, Research Engr.. .— Univ. of California, Berkeley, ‘Calif. woes 
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a) minerals, which find expression in the reaction in n terms of of ex- 

The ions, which react according to their 1 replaceability. 
The conditions the reaction, which are in terms s of the 


systematic of the most that transpire 
a review of published data is portrayed in the accompanying chart. (Fig. 1) 
A few remarks relative to the contents of the chart are pertinent as a pe " 

_ preamble to the discussion of the equations proposed t to aeurene sang 


“reactions S quantitatively: 


a) The exchange is determined by the of minera 
- and may be modified by external conditions only to a limited extent. 


other elements of the reaction, such as the concentration of the re- i? 

placing solution and the structure ofthe clay. 

) Finally, the influence of the general conditions of the reaction in mani- 
sted directly in the rate of exchange. This rate is also ac 


fe 
simultaneously by properties of the clay and of the ions. ‘ental vier ee 


‘Let us examine the various -Telationships currently available: 


Under this group, a number of equations have been proposed (Langmuir, a g 

‘Wiegner, Jenny, Vageler) which involve various modifications of Freundlich’ 
: gas adsorption concept | as applied to solution ions. In principle, these equa~ = | 
tions express a simplified state of equilibrium between the total amount of - af 


remaining in solution. In order to satisfy the m: mathematical equalities, at) 


g number of empirical constants are introduced, which presumably account 
i, indirectly for the individual properties of the soils and/or the the ions. cenit a 


where a - c= = of cations adsorbed per gram of 


aed a) The formula presupposes a continuous functional relationship be- 
the amounts of ions is adsorbed and the original concentration 
of the solution. The values of k and P, which are related to the 
jonic radii and, presumably to the character of the soil, are kept 


‘<—ite the relationships shown in the synoptic | Chart ( Fig. 1). re Bl 
is seen that factors dependent on the ambient conditions of the _ q . 
jeaction, | as | well influences" pthe 


exchange; in conjunction with the ways in which these entities find physico- | 
chemical expression in the reactions. These three basic entities are: 
— oe 
| 
ah 
| 
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a: ae | of each cation but can be strongly modified by conditions of the _ eat 
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wher 


involved 

liquid at 

portiona 
assumes that unique states of equilibrium exist eetween F is accou 
ino ote the number of adsorbed ions and the concentration of non-adsorbed of K. He 
; ions in the solutions. This premise disregards the fact that ionic a ture of t 
concentrations around the soil particles are variable under outside ‘such as” 
influences and under the interactions between double layers in adja- Tis: 


2. Relationships based on mass- action. showing 
_ The mass-action principle, which operates in all chemical reactions, has | not cons 
been assumed to be the primary mechanism in a second group of formulas _ Jenny 


a proposed for the evaluation of cation 1 exchange. It is evident from observation | cation o 


1 The factor 1.5 in the denominator is based on statistical considerations in j 


ations in replaceability due precisely to changes in the holding ‘the 


that mass action has a very definite bearing on the exchange reactions, as a ij particle 
indicated by the important influence exerted on replaceability by the concen- in a stat 
trations of the. replacing solutions and by the abundance of the exchangeable | 

Le ‘Fig. 1 does not purport to represent absolutely all the recognized aspects s 
of the exchange; it is evident by way of illustration, however, that ionic con- : equatior 
centrations account for only two of the eight individual factors shown that in- : Here 
fluence replaceability, for only one of the four factors listed that determine -equatior 
the rate of exchange and for only one out of the group of six very complex > ! ‘solution 
factors listed that determine the exchange capacity. as is in 
_ Although in some of the expressions based on the mass- -action law some 
allowance has been made for the action of surface charge distributions, theaq / 


electric 


Krishnamoorthy and Overstreet’s equation may be cited: enclosir 


(Cat) (Nat 1.5 (Naty? 


4 ‘Here, the chemical symbols eciibe: ionic concentrations. K is a constant. ; Mattsor 


loidal n 
to exist 


_ It can be seen that this expression makes no seein for possible vari- preaaié 


brane. 
ions near the surface. al 7 — 


Relationships based on kinetic action ness of 


The expressio der this category represent of a roaches — pointed 
e expressions under this category represent a group of app! hes -—s 


more sophisticated than the two others analyzed above. 


Wea liquid and a monomolecular layer oi another liquid adsorbed on a solid on the 


Gapon proposed in 1933 an to express the exchange between a 
‘basis of e energy considerations associated with temperature change. — The tors su 
arguments entering Gapon’s equation are the areas occupied by the mono- may 


molecular and the area of the particle surface: plex. 


behavior of th 
>) | 
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4 Where ey and Co | denote the two Liquids, Fo is the total area of particle jay: 3 
involved in the exchange and Fy; and at are the surfaces occupied by each Bs, 


Ai. In applying this equation toa specific case it is assumed that Fo is pro- * 
portional to the exchange capacity. Therefore this basic property of the clay < p 
is accounted for. Cationic constants are presumably included inthe value 
of K. _ However, complete abstraction | is made of the properties of the struc- Es. 


as those responsible |! for the fi fixation of cations. 
P- It is interesting to note that Gapon’ s basic ‘equation takes the same form a. 
of one of the mass action formulas (Kerr) in the case of monovalent ion pairs, Pm, 
showing that mass action is implicit in Gapon’s treatment, However, ‘it does 
not consider the influence of the clay concentration. (See Fig. 
_ Jenny and Davis (1936, 1945) utilized the concept that each exchangeable 
cation oscillates about the center of an electrical charge in in 1 the surface of a * 
particle and that exchange takes place when a cation of the | ‘solution, which is oe 
in a state of thermal agitation, chances | tc substitute the original ion in the 


Statistical of the probability of the exchange in 


give rise to equations that define the exchange constant used in in mass action — on 
4 equations in in terms of the oscillation volumes of the cations, 
_ Here, again, the concentration of the clay is ignored, It is noted that Davis’ = 
equation does not apply except within a narrow range of concentrations of the a 4 
‘solution, may b be related to replaceability of the cations 
| Expressions based on the Donnan osmotic equilibrium ont 
The original theory of the Donnan equilibrium s states the conditions 
electric balance 1 necessary to | preserve neutrality. at both sides of a membrane _ 
enclosing colloidal electrolytes and separating them from ordinary electro-— a 


 (Antons inside) (Cations inside) = (Anions outside) (Cations outside) noe 


Mattson the use o of this principle the case of col- i 
-loidal miscelles. It is reasoned that a fictitious membrane may be imagined 
to exist at a distance from the particle surfaces where the concentr ation of io 
the solution becomes. essentially constant, and that Donnan’s equilibrium ex- Pin) 
pression is then applicable for the ions on both sides of the imaginary mem- | -. 
brane. _ This conception does not recognize the great variability of the thick- ag 
ness of the micelles. Several other theoretical inconsistencies have been semi ; 
pointed out in the critiques of this approach, 
By reference to the Synoptic Chart, it is ‘Suggested that even if the Donnan 
analogy were a faithful representation of the equilibrium in the electrical dove lee 
double layer, the changes in the thickness of the latter, associated with fac- - 
tors such as pH variations, would not h have been accounted for. The reader 
‘may notice also the omission of various other factors of the ‘exchange ct com- 
Relationships based on the theory | of the diffuse | double layer. yb dace tt a 


‘The application of the Gouy - ‘Chapman theory of the diffuse ‘double layer to 
cation exchange has yielded some satisfactory quantitative results in ae 
number of cases. af Without question this method of attack on the problem in ee a 


corporates a a more advanced knowledge of the ante actions than the pones 
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in 1 the assumptions the ‘double layer theory tend to ) vitiate | the 


- The present state of knowledge of the different aspects of the cation | ox 3 Mar 
change phenomena, as they have been observed in the very large number of a — 
- experimental studies conducted since the exchange was first recognized, has— | 4. Lect 
made it quite evident that there exists a gap between the large volume 
7 - facts ¢ of which the workers in the field are aware and the postulation of ex- o 
_ pressions adequate to permit their evaluation. The application of the Gouy- a °- Phet 
Chapman Theory of the diffuse double layer represents a major advance in ES 
q _ grouping of the variables and parameters, such as is shown in Fig. lofthis - al 
Sane Suggests that representation of a phenomenon of the formidable he, | oropgaed 


‘complexity of ion exchange by a single formula is not logical. In support of & y eat 
this contention it may be pointed out that several of the partial cause- and- 4 ms 
effect relationships that appear to exist in the exchange are not continuous ~ 3 
functions of the same parameters. This being the case, the only possible way | the | 
to evaluate ion exchange would be to treat it as a system of related functions | 


= than as a single function. This approach would permit the independent 


final result. ‘This is coltrasted to the idea of interlocking in a single 
= expression all the independent and interdependent variables. | The difficulty 4 > 

_ of the latter course of action may be illustrated by the following simplified - are 

analysis of some of the experimental findings that are not accounted for in 


vf “It is known, for instance, that the hydrogen ion concentration, as pointed ao 
oO out in the paper, produces important variations in the exchange capacity of — ; saan 
the clays. Mathematical expressions could conceivably be devised to repre- Oa 
ta sent the pH vs. exchange capacity function over a wide range of values for 
any particular clay mineral. It is also known, however, that the inflections _ 
“a shown by the titration curves at extreme pH values are due to partial dis- Sil 
integration of the clays associated with the attack of the mineral by the acids _ 
eo of the alkalies of the medium. Obviously at these stages profound changes a £ 
take place in the basic elements which, being of a nature entirely foreign to 8 
ee the exchange, ¢ could hardly | be introduced in a generalized expression for the meal t- 


latter. Other discontinuous effects that have been discovered by experimental | 
Ps observation are those related for instance to size. Although size is not _— 
very important parameter in minerals like 1 montmorillonite, in which cation 
adsorption due to broken bonds is secondary, continued particle ‘subdivision 
_ such as that produced by grinding is finally felt in these > ha clays and : 
expressed as a rather sudden increase in exchange capacity. 
hh conclusion, it is believed that caution should be exerted at the present 
“state of knowledge of cation exchange in order to avoid the danger of mathe- =f  #- 
matical oversimplifications. suggested that a systematization of the 
quantitiative analysis of secondary phenomena in the exchange might be 
fruitful in solving the overall problem. 
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A. EREMIN, 1 M. ASCE—The most interesting minerals which may 
occur in clayey soils are montmorillonite and bentonite. In his: diagram Mr. i : 
Lambe has shown the influence of montmorillonite content on the plastic _ a 
properties of clayey s soils. It would be interesting to express } expanding % 
properties of clayey soils containing montmorillonite or bentonite in the 

. RF is interesting to note that after drying and wale wetting t the soil con- ae 

taining the montmorillonite expanding | properties of soil are generally re- 

sumed. Furthermore, after stirring of moist oot oe containing montmorillonite 


properties of soil are accelerated. 
In the analysis of soil for montmorilonite content it should be remembered — hi 
~*~. montmorillonite occurs only in geological formations not older than the © 
= Analysis of physical and plastic properties of soils is important not only _ ] 
in investigating bearing properties of foundation material but also for com- _ 


prmmibesin 2 use of clayey soils. Therefore, Mr. Lambe should be highly > 
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SOIL “MECHANICS AND FOUNDATIONS DIVISION 


Proceedings s of the American Society of Civil I Engineers 


Professor Gregory Pp, Tschebotarioff, Professor of Civil Engineering at 
Princeton University has forwarded the following news items regarding the 
recent visit of the Soviet soil mechanics and foundations to the 


ah 


‘oa The Soviet delegation left the United States on June 22 after a threeweeks | 
; i stay. ‘Their arrival and the Soviet vibratory pile driving methods described 
3 by them at the first (Princeton) Seminar were reported earlier (Civil ze 
neering, July 1959, p. 69). A number of interesting contributions or on other 
topics were also made by them during their visit. 
_ Thus, Professor N. A. Tsytovich outlines at the Princeton and M.I.T. 
_ Seminars Societ theory and practice of foundation: construction on frozen ~ oe 
ground, a field in which much pioneering work has been done in the U.S.S. R. <f ES ‘ 
_ Professor F. J. Sanger, Mr. R. R. Philippe and other engineers of the U. S. ed, 
a Corps of Engineers participated in the friendly discussion which followed. 


a ieee Professor Tsytovich ga gave two other reports—one (at M.I. T. and in ‘Wash- “| 
; oa ington, D. C.) on the historical background and present development trends of [i 
Pi soil mechanics work in the Soviet Union; the other (at Illinois) on Soviet a 8 
methods of foundation « design based on limit states of soil equilibrium and on q 
x ize limit settlement values permitted for different types of structures. _ “4 
chairman of the delegation, Academician I. M. Litvinov, gave two 
i: cain. The first (at M.I.T. and at Illinois) dealt with Soviet work on thermal 
_ stabilization of loess soils in the Ukraine. The structure of such macroporous © i 
z soils easily collapses when they are rain-soaked under load. By injecting Be 
compressed air, together with fluid or gas fuel directly into bore hies 
a through special burners and perforated casings, the loess was transformed 
toa depth of 30 feet around each hole into a 10-foot diameter cylinder of hard 
brick-like substance. The method is economical for large’ structures and 
_ shallow foundations. It was successfully used under new multi-story buildings 


300' high factory chimneys. It was even for since 
"No. 1959-41 is part « of ‘the of the Soil 
_ Foundations Division, Proceedings of the ‘American Society, of Civil 
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hrinkage e of ‘the baked loess occurs insitu, presumably due to pressures 
which the combustion | gases and evaporating water develop in the of t 


"The second report by I. M. Litvinov (at California) described Soviet eee ; 
sampling and field laboratory soil testing procedures. iv 

_ Mr. I. M. Levkin repeated at Illinois and at California his Princeton repent 
on the Soviet use of f heavy vibrators for the sinking of piles and large (up to — a 
16" diameter) open- -end cylindrical pre-cast reinforced concrete caissons. 


— 
e _ Mr. R. A. Tokar outlined (at Princeton and at M.I.T.) the Soviet approach © me 
to machine foundation design. = 
Professor V. M. Bezruk reported (at and in in D. C. 
~ on the. Soviet procedures for flexible pavement design. 
po The Soviet engineers presented their American local hosts ~~ copies of 
an - many Russian language publications which amplified the = topics dealt with in 
Other chairmen of the local committees for the Seminars were: ‘Professor 


T. W. Lambe at M.1.T.; Professor R. ‘B. Peck (Illinois) and Professor 
Leonards (Purdue) at Illinois; Professor H. B. Seed at California. Mr. ‘Fred 
=a Director of the Highway Research Board, organized the Seminar at Pe 

the National Academy of Sciences in Washington, D. C. and the committee se 


_ the entire exchange, of 1 which committee Professor M. S. Kersten of Mannsectn 


4 ‘ian The Highway Research Board is preparing the publication of translations ot 
* @ i the Soviet reports with the relevent illustrations shown at the five U. S. et 
: | Seminars. The Board was the prime sponsor of this exchange of delegations, 
In addition to the laboratories of the four universities where the Seminars 
F were held, the Soviet delegation visited the soil engineering laboratories of 
4 = Rutgers and Harvard Universities, of the California Division of ‘Highways at - 

_ Sacramento and of the Bureau of Public Roads in Washington D. .e The gel 
test road at Ottawa, Illinois and foundation construction sites in New York, ~ he 
‘Plans for the Research Conference on Shear Strength of Cohesive Soils, 
held in Boulder, Colorado, in June 1960 have now taken more concrete 
form. The conference is sponsored by the Soil Mechanics and Foundations Fb 2 
Division, ASCE and a definite program will later be mailed to members of — | 

and to all others who may request it. In the process of completing all 
arrangements, minor changes may be made in the plans as summarized be- 


= ae The Colorado Section, ASCE, and the University of Colorado will be hosts _ 


to the conference. Dr. ¥. J. Turnbull is Chairman of the Task Committee on .< 


; and Mr. W. G. Holtz is Chairman of the Local Committee on Arrangements. Be 
__ Inquiries concerning attendance at the conference should be directed to oe 
Dr. J . W. Hilf, Secretary of the Task Committee on Shear Strength of a 

- Bureau of Reclamation, Building 53, Denver Federal Conter, Denver 25, 
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“Soil } Mechanics 


_ The general purpose of the conference is to assemble, siadnailiitie, very 


= present knowledge, , or lack of knowledge, concerning the factors which 


the shear and failure conditions of cohesive soils. 
The conference ¥ will be held at the University y of Colorado in n Boulder, 


in the United States and o er r countrie 
Presentation of papers is by invitation only. A number of universities a 
-govermental and private engineering organizations in the United States and et 
_ other countries, whose members have performed significant research on — 


Authors, or their organizations, will furnish of their papers 
These preprints will be forwarded, as long as the supply lasts, to those : 


Schedule of Sessions and Other Activities 405 10) 


The following technical sessions are planned: 


Session 1. Opening addresses and failure hypotheses. 
be 


Session , Testing equipment techniques and errors. 
Session 3. Shear strength of saturated remolded | clays. 
Session 4. Shear strength of undisturbed cohesive soils. 
Session Shear strength of compacted cohesive soils. 
‘Session 6. Problems with applications . wath 


supplementary program including tours for entertainment of conference 
and ladies them is in course of 


With a paper on failure. hypotheses, scheduled for 

_ tion at Session 1, preprinted papers will net be presented orally at the con- - 

Sessions 2 through 6 will be conducted as a 

ae. assisted by an associate moderator, will be in charge of each of 


sessions. 


_'‘The moderator may also ask for opinions of members of the audience and 
consider questions submitted in writing before the session. If time 
mits, the last part of each session may be opened to discussion from the floor. 
Each moderator, assisted by the associate moderator, will prepare a brief 
summary | of his session for presentation at Session 7. The ‘moderators will 


prepare more detailed reports for in the of the 
suelo 
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_ Anyone may prepare written discussions for publication in the proceedings. Wee: 4 


Such discussions should comply with the ASCE ‘ements and should be 


papers, written discussions, aut authors’ closures, ‘moderators’ 
A copy of the proceed- 


{ a a ings will be 1 furnished all those registering for t for the co a and will be sold 


a A registration fee of $15 will entitle the registrant to ace the conference 
: and to receive a set of preprints of the papers and a bound copy of the confer- 
sence proceedings. A small conference fee will be charged by the University 
for the use of extracurricular facilities. will no fees for persons 
?. residence hall at the University will be made available at nominal costs. 
_ Excellent hotel and motel facilities will also be available. It is expected that 
Pe many of the participants will combine attendance at the conference with a 
for the entire in where ideal climate and 


sits 
Mey 


* 
brochure announcing the and giving details ack technical 

. and social events is being prepared and | will be distributed to all members of ; 
‘Soil Mechanics and Foundations Divisions in the near future. The brochure 
3 contain forms for advance registration and indication of interest in attend- 


ing the conference or a copy of its proceedings. 


Mr. George A. Kiersch, member of the Geological of ‘America sends 3 
Bi: he following item of interest to men it in our division. ws are happy to mee 7 4 
n to you and hope that we will receive more like it. 
——* _ “During May and June, 1959, I spent some three weeks in Norway on geolo- 
ee on these engineering g geology investigations, I presented a series of eight — 
er lectures to the civil engineering students and some faculty of the Technical — 
University of Norway, ‘Trondheim on Engineering Geology and its practice in 
- the United States. The lectures covered a broad introduction, followed by . 
3 review of specific geologic phenomena or problems and the manner in which ~ 
ei treated in engineering practice in the United States for such as: engineering 
seismology, landslides, weathering of rocks, particularly limestone, influence 
of structural features on field and laboratory results and the engineer- i? 
geologist team in practice. 4 A summary of many of the problems under nvest 
igation in the construction materials field was ; presented, and likewise, a few ae 
of the “new” fields now developing, such as applications of nuclear blasting fe 
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a review of the offered the civil students at the 
"technica University, they are given a broader background in geology than 


most schools offer in the United States. For instance, a civil engineering bs 


io student majoring in a branch of the profession dealing with earthworks and eee 


i foundations is required to take a two year course in geology, a beginning year i 


a of general physical geology, with some applications and a second year (senior) 


of advanced geology dealing with engineering applications and additional theory. 
The Norwegian students and faculty in civil engineering expressed a keen in- e 
_ tereat in geology, and ad this ade is likewi ractic- 

G. P. ’. TSCHEBOTARIOF 


Professor Gregory P. Tschebotarioff of Princeton has been awarded the 
degree “Docteur honoris causa” of The Université Libre de Bruxelles. The > Pe 


insignia will be presented to him November 20, during the 125th anniversary e 


celebrations of the University at Bruxelles, 
In September, 1958 Dr. Tschebotarioff attended by personal invitation, and ‘ 


ence to be held in Harrisburg the evenings of October Ist, 6th and 8th. ar PY 


Speakers will include representatives of the Highway Research Board, the 
; 4 a Bureau of Public Roads, the American Association of State Highway Ripe 


_ andthe Portland Cement Association, 
Those interested in attending should contact Mr. B. Henry, P.O. Box 618, 


The feasibility of the first of ASCE 
a 872- 1881) has been studied. It has been decided that these historic volumes © 
could be reproduced at a cost that would permit a top price of $150 for the | ten- 
- volume set. If more than 100 engineers, or libraries, indicate an interest in 
obtaining such a set, the project will be undertaken. If the endeavoris 
: - successful, other rare volumes of Transactions will be reprinted. — 
_ Engineers interested in rg the ten- waa set should write to thi 
N.Y. 
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